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by Charles A. Belsterling 

"Fluidic Systems Design was con- 
ceived and prepared to satisfy a 
widely recognized need for analyti- 
cal methods for designing fluidic 
systems. Its primary purpose is to 
provide the control engineer with a 
unified set of analytical tools for the 
straightforward design of systems 
using fluidic devices. A second aim 
is to supply a universally acceptable 
vocabulary so that the control en- 
gineer, the fluidic device manufac- 
turer, and the user's project engi- 
neer can communicate in a common 
language."— from the Preface 

Fluidic Systems Design covers the 
design of control systems using both 
analog and digital fluidic devices. 
The methods presented are appli- 
cable to a wide variety of fluidic 
components, such as sensors, amp- 
lifiers, logic elements, networks, and 
actuators. They pertain to fluids such 
as gases, compressible liquids, and 
incompressible fluids; systems for 
aircraft, process and industrial con- 
trol; and to a broad spectrum of per- 
formance situations. They are appli- 
cable to practical situations in which 
the second-order effects of the be- 
havior of fluids can be safely ne- 
glected. 

The book begins with a review of 
fluidics technology and then pro- 
ceeds to give the reader a general 
introduction to the field. This is fol- 
lowed by a detailed description of 
the static characteristics and dy- 
namic characteristics of fluidic com- 
ponents, and a description of test 
methods and instrumentation re- 
quired for their measurement. Three 
chapters are devoted to systems syn- 
thesis, both static large-signal, and 
dynamic small-signal. Finally, the 
Appendix contains appropriate 
standards for the fluidics technology 
and an illustrative design problem. 

Fluidic Systems Design will be in- 
valuable to control, instrumentation, 
and process engineers in aerospace, 
machine tools, paper and steel in- 
dustries. It will also provide manu- 
facturers with an essential reference 
to fluidic devices, and will give the 
student an entree into the field of 
fluidic systems. 
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Preface 



Fluidic Systems Design was conceived and prepared to satisfy a widely 
recognized need for analytical methods for designing fluidic systems. Its 
primary purpose is to provide the control engineer with a unified set of 
analytical tools for the straightforward design of systems using fluidic 
devices. A second aim is to supply a universally acceptable vocabulary 
so that the control engineer, the fluidic device manufacturer, and the user's 
project engineer can communicate in a common language. In short, the 
intent is to bring together and make known the available techniques for 
describing fluidic components and for designing fluidic systems. 

Most of the design methods described in this book are the result of a 
research program conducted since February 1963. At that time I was 
employed by the Franklin Institute Research Laboratories and was 
involved in the development of high-performance electric, hydraulic, 
and pneumatic control systems. We had been aware of the fluidics tech- 
nology since its introduction by the Diamond Ordnance Fuze Laboratories 
(now Harry Diamond Laboratories) in 1 959. At least one of our programs 
could have benefited from the unique features of fluidic devices. There- 
fore we began immediately to study their characteristics. 

It did not take very long to discover that, first, the device manufacturers 
could not describe their components in terms familiar to control systems 
engineers and, second, that there were no proven methods for predicting 
the behavior of fluidic components connected together into control 
systems. I immediately prepared a detailed plan for a research program 
to correct this situation and was rewarded by financial support on a 
Laboratory-sponsored project. By October, I and my associate Kacheung 
Tsui had made enough progress to convince Harry Diamond Laboratories 
of the potential of the work. They provided the financial support and 
technical direction for the second phase. 

After joining Giannini Controls Corporation (now Conrac Corporation) 
in July 1 964, 1 was fortunate to enlist further support from the U.S. Army 
Aviation Materiel Laboratories. We completed the work on analog 
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systems and published Fluidic Systems Design Manual in May 1967. 

By January 1968 we had formed Cutler Controls, and I began to 
expand the design manual to cover digital as well as analog devices. I 
also investigated rather closely the work of other people in this field to 
establish the timeliness and permanence of a book on the subject. As a 
result I considered it necessary to include a chapter placing this book in 
its proper perspective and a chapter briefly touching on other techniques 
under development to accomplish the same objectives. 

To communicate the contents of this book to its readers with the 
least amount of excess material, I have assumed a level of education 
equal to a bachelor of science degree in electrical or mechanical engineer- 
ing. In addition I assume that the reader has a working knowledge of the 
following topics: 

1. Electrical circuit analysis 

2. Transform calculus 

3. Feedback control systems 

4. Matrix algebra 

This book covers the design of control systems using analog and 
digital fluidic devices. The methods presented are applicable to all kinds 
of fluidic components: sensors, amplifiers, logic elements, networks, 
and actuators. They are applicable to all kinds of fluids: gases, 
compressible liquids (such as hydraulic fluids), and incompressible liquids 
(such as water). They are applicable to all kinds of systems: aircraft, 
spacecraft, ships, land vehicles, automatic machines, computers, and 
tracking devices. They are applicable to a broad spectrum of performance 
situations: static, large signal, dynamic, and small-signal at frequencies 
up to a level where the physical dimensions of the circuit approach the 
wavelength of the signal. They are applicable to practical situations in 
which second-order effects of the behavior of fluids can be safely 
neglected. In other words, they cover most normal cases. 

It should be emphasized that, although the techniques described in 
this book are applicable to digital as well as analog systems, in many cases 
they will not be required for digital systems design. This is because more 
development attention has been devoted to digital devices; hence, the 
manufacturer is able to supply a line of components designed so that the 
characteristics are already matched for easy coupling. 

Fluidic Systems Design is divided into seven major sections. Chapter 
1 is a review of the fluidics technology, intended to place the book in its 
proper perspective. Chapters 2 and 3 introduce the subject of the book 
in general terms. Chapter 4 covers in detail the description of static 
characteristics and dynamic characteristics of fluidic components. 
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Chapters 5 and 6 describe the test methods and instrumentation required 
to measure component and system characteristics. Chapters 7 through 10 
cover systems synthesis, both static large-signal, and dynamic small- 
signal summarizing with a design check list. Finally, the Appendix 
contains appropriate standards for the fluidics technology and an illus- 
trative design problem. 

To summarize, Fluidic Systems Design is my personal contribution 
to organizing and promoting useful fluidic systems design methods. 
These design methods have been proved valid for most practical cases, 
and the sheer insight they provide helps to remove the shroud of mystery 
that has surrounded the fluidics technology and inhibited its normal 
progress. As a result I draw the following conclusions concerning the 
status of the fluidics systems design technology: 

1. No "breakthroughs" are required— the necessary analytical tools 
are on hand to design sophisticated fluidic systems. 

2. The lack of a thorough mathematical description of the behavior 
of fluids in fluidic devices is not a handicap. 

3. Graphical characteristics are the mainstay of current systems 
design. 

4. Physical models, such as electric equivalent circuits, are currently 
sufficient for analyzing the dynamic characteristics of high-performance 
fluidic systems. 

5. Mathematical models based on matrices will be the subject of most 
future effort, resulting in a comprehensive description of component 
characteristics including all cross-coupling terms. 

I gratefully acknowledge the support and aid of the following persons: 
C. W. Hargens and Kacheung Tsui of the Franklin Institute Research 
Laboratories; Joseph Kirshner and Silas Katz of Harry Diamond 
Laboratories; Melvin Zisfein and Norris Barr of the Conrac Corporation; 
George Fosdick of the U.S. Army AVLABS; and Milton C. Stone of 
Cutler Controls, Inc. 



King of Prussia, Pennsylvania 
October 1970 



Charles A. Belsterling 
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1 

History of the Development of Fluidic 
Systems Design Techniques 



1.1 INTRODUCTION AND SCOPE 

To place this book in its proper perspective the first chapter is devoted to 
a review and evaluation of the evolution of the development of techniques 
for describing fluidic components and synthesizing fluidic systems. 
The review is presented as follows: 

1 . Definition of the problem. 

2. Description of solutions used in other technologies for solving similar 
problems. 

3. Review of the history of development of analytical techniques for 
fluidic systems. 

4. Definition of the major milestones in this development. 

An extensive bibliography is included at the end of this chapter. 

At the outset it is important to define the scope of this review. The use- 
ful frequency spectrum for fluidic systems can be divided into three distinct 
bands as shown in Figure 1.1. These bands can be described as follows: 

Band 1 : Static and low frequencies where frequency-sensitive charac- 
teristics (time-dependent variables) are not important. 

Band 2: Higher frequencies where the dynamic (time-dependent) 
characteristics are important and can be represented by lumped para- 
meters. 
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Figure 1.1 The analytical spectrum for fluidic systems. 

Band 3: Acoustic frequencies where the wave length of the signal 
approaches the dimensions of the circuit and the characteristics must be 
represented as a distributed parameter system. 

The major portions of the practical spectrum for fluidic device applica- 
tion - bands 1 and 2 - will be considered in this review. This scope includes 
frequencies up to the kilohertz range if the characteristic dimensions of 
the devices and circuits are relatively small, but only into the 100 Hz 
range for larger devices. These ranges are adequate to cover most practical 
situations, in fact they easily encompass the performance requirements 
for most real applications. 



1.2 DEFINITION OF THE PROBLEMS 

In any system design the effect of one interconnected component upon 
another must be taken into account. The simplest illustration of this is 
the change in the behavior of any given component because of a load. 
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These effects must be considered for all components; electronic, mechani- 
cal, hydraulic, acoustic, pneumatic, or fluidic. 

It must also be recognized that systems are collections of components. 
The number of possible combinations of components is very large or at 
least too large to be preplanned. Methods for analyzing and synthesizing 
systems must describe each isolated component and its relationship with 
any other device in the system. This concept in its simplest form is com- 
monly known as the "black box" approach. However, it embraces far 
more than is usually associated with the common term. For example, a 
given component (or element) can be described in various ways: 

1. A set of coupled equations. 

2. A set of graphical characteristics. 

3. An analogous circuit or model. 

As stated by F. T. Brown 59 the optimum analytical method should in- 
-clude all significant information (be complete and accurate) as well as 
provide physical insight (be readily understood and referrable to known 
phenomena). Unfortunately the types of component descriptions listed 
above do not meet these criteria. That is, a set of coupled equations can 
be as accurate and complete as one cares to make it, by including non- 
linearities and all possible coupling terms. However, little physical insight 
is associated with such a complex array. On the other hand, analogous 
circuits and models are usually limited to small perturbations and often 
involve gross oversimplifications because the elements are assumed to be 
linear. But analogs provide a tremendous "feel" for the behavior of the 
device. The graphical approach lies somewhere between the other two 
descriptive methods. This procedure can account for most nonlinear terms 
but fails to provide some of the information necessary for an intuitive 
appreciation of the behavior of the device. 

The fluidic technology is certainly not the first to be faced with the need 
for developing analytical methods for nonlinear component analysis and 
systems synthesis. For example, the vacuum tube disciplines demanded 
entirely new approaches to electric circuit analysis, and new methods had 
to be developed when the dynamic behavior of pneumatic and hydraulic 
systems became important. 

Fluidic technology also is not the first to be involved with difficult-to- 
describe phenomena. The transistor was used in circuits long before the 
internal behavior could be described in precise mathematical terms, and 
many parameters are still determined empirically. Consequently the 
proper perspective of fluidics' state-of-the-art requires a review of the 
histories and methods of these other technologies. 
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1.3 REVIEW OF THE ELECTRON TUBE TECHNOLOGY 

The invention of the vacuum triode stimulated the development of a 
whole new area of the mathematical sciences. Because of its unique cap- 
abilities for control and amplification and its very high speed of response, 
it was employed in many new and sophisticated applications. There was 
so much pressure to make it do so many jobs that there were not enough 
highly trained and experienced electrical craftsmen who could design 
successfully by intuition to satisfy the demand. An analytical approach 
that would allow a great number of technicians to produce effective designs 
was an absolute necessity. 

The technology, as it developed, definitely was functionally oriented. 
That is, the external behavior of the triode was defined mathematically, 
for example, i b =f(e c +e b ), but its internal parameters (such as (jl) were 
determined empirically, avoiding the need to develop a precise analytical 
description of the internal phenomena involved in the control of the elec- 
tron beam. 2 

Since the vacuum triode is a nonlinear circuit device, its operating 
characteristics were found to be most conveniently expressed in the form 
of graphs or families of curves that indicate the actual experimental per- 
formance of the tube (volt-ampere relationships) as illustrated in Figure 
1.2. In addition to using these graphical characteristics for circuit design 
— the technique will be described later — these curves assist in the deter- 
mination of certain important performance parameters such as plate resis- 
tance, r p , and amplification factor, /x, illustrated in Figure 1 .2. These values 
are, in turn, used in equivalent circuit performance analysis. 

The transfer curve of the vacuum triode is not linear over its whole 
course, but it can be considered to be linear over a small segment of the 
curve. Consequently, if a small signal is applied, the tube's operation is 
confined to only a small portion of the curve and thus may be considered 
linear. But for large signals, this assumption is invalid because a greater 
part of the curve is used. The result of this was that two distinct methods 
of analysis of vacuum tube circuits had to be developed; one that assumes 
linearity and is appropriate only for the consideration of small signals, 
and the other that includes the effects of nonlinearities and therefore is 
suited for large-signal conditions. 

Graphical methods are ordinarily used for large-signal performance 
analysis to account for nonlinearities in the triode. They also are applicable 
to small-signal analysis, but because of the difficulties of including fre- 
quency-sensitive behavior and interpolating between curves, the inaccura- 
cies and inconvenience are generally unacceptable. The "load line" method 
is the most often used type of graphical analysis (see Figure 1.3). The 
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Plate voltage, 

Figure 1.2 Graphical plate characteristics of a vacuum triode. 




Plate voltage, ei, 
Figure 1.3 The load line method of circuit analysis. 
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curve representing the load characteristic is superimposed upon the 
plate characteristics of the triode. Since the tube and the load are con- 
nected in series and the individual curves represent unique operating condi- 
tions for each device, the only stable operating points are located where 
the curves intersect. Therefore, the plate voltage, e b , for any value of grid 
voltage, e c , can be determined from the points of intersection. Using this 
data, the voltage transfer curve can be plotted. 

For small-signal and dynamic analysis, the equivalent circuit method is 
more convenient. Complex networks and high frequency behavior can 
be considered with relative ease using this approach. Figure 1 .4 illustrates 
a real vacuum tube amplifier circuit and its linearized equivalent model. 
The fixed supply voltages E cc and E bb are eliminated because only incre- 
mental signals are considered. The tube can be replaced by a simple 
voltage generator, yu,, and an equivalent internal resistance, r p . As noted 
in Figure 1.2, the equivalent circuit parameters are determined from the 
graphical characteristics. Since the equivalent circuit concept is based 
on the assumption of linearity and fixed tube parameters, the values of 
H, and r p can be determined at the point on the curves at which the circuit 
is to operate. 

The general amplifier equivalent circuit must be altered for special 
operating conditions. For high frequency signal analysis, one must be 
concerned about the frequency-sensitive parameters of the vacuum tube 
and external circuit. The equivalent circuit for high audio frequencies is 
shown in Figure 1 .5. 




E cc E bb 



Figure 1.4 Derivation of the equivalent circuit for the vacuum tube amplifier. 
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Figure 1.5 High-frequency equivalent circuit for the vacuum tube amplifier. 



1.4 REVIEW OF THE PNEUMATICS TECHNOLOGY 

One of the earliest applications of equivalent electrical circuits outside 
electronics was in the field of acoustics. The appropriate analogous 
elements are shown in Figure 1 .6. Complex networks such as the auto- 
mobile muffler (Figure 1.7) were analyzed and synthesized with good 
success by using these lumped parameter models. 

More recently Dunn developed an electrical equivalent model of the 
human vocal tract (Figure 1.8). Dunn's model was the first step toward 
the representation of the distributed nature of the vocal tract as a series 
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Acoustic capacitance 
Figure 1.6 Analogous circuit elements. 
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Figure 1.7 Automobile muffler and equivalent electric circuit. 



of cylindrical sections, or acoustical lines, which makes it possible to use 
transmission line theory in finding its resonances. This initial model was 
able to produce acceptable vowel sounds and was used in research on the 
phonetic effects of articulator movements. As simple as it was, the model 
pointed the way for much subsequent research and has been greatly 
expanded. 

Several considerations are appropriate to extend the equivalent circuit 
approach from acoustics to conventional pneumatic systems. One must 
be concerned with the effects of: 

1 . Constant velocity flow. 

2. Heat dissipation. 

3. Long lines. 

The effective capacitance in pneumatic circuits has been found to be most 
nearly isothermal rather than adiabatic because the rates of compression 
are relatively slow and there is usually constant through-flow and consider- 
able thermal mass in the system hardware; that is, 

volume 

absolute pressure 

Long lines have presented a difficult analytical problem for many years. 
However, for many practical cases they can be represented by a distri- 
buted parameter model with as few as two or three sections. 

As a result, successful methods of analysis for pneumatic systems 
which range from process controls to autopilots 17 have been developed 
in recent years. Increasingly, mechanical systems also have been studied 
with the impedance approach, using equivalent circuit analysis. Naturally, 
this allows the analysis of combinations of pneumatic and mechanical 
systems using a single coupled equivalent circuit. 



Review of the Hydraulics Technology 9 




Figure 1.8 Equivalent electric circuit for human vocal tract. 



1.5 REVIEW OF THE HYDRAULICS TECHNOLOGY 

Because hydraulics are considered to be superior for fast response and 
high power, and because military aircraft and ships have used them almost 
exclusively, hydraulic systems have received a great amount of analytical 
attention since 1940. 
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Figure 1.9 Simplified lumped-parameter model for fluid conduit. 

Some rather sophisticated methods have been used in these analyses. 
For example, in the field of fluid power transmission, 18 graphical charac- 
teristics are used to determine the effects of steady-state pipe losses on 
the system characteristics, and lumped parameter equivalent circuits with 
inertance, capacitance, and resistance are utilized in the analysis of 
dynamic characteristics as illustrated in Figure 1 .9. 

Whenever the significant wave lengths of the variables are small com- 
pared with the system's physical dimensions, the distributed nature of the 
system cannot be represented adequately by a lumped parameter network. 
In this case, distributed parameter representations composed of numer- 
ous sections are used, which are similar to those shown in Figure 1.9. 
The solution to the behavior of such a system is complex and often 
requires the aid of an electronic computer. 

Most engineers compute the dynamic characteristics of relatively 
complicated hydraulic control systems by using various kinds of analogies 
such as hybrid hydraulic-mechanical equivalent circuits. Figure 1.10 
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Figure 1.10 Analogous two-mesh systems (Ref. 18). 
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illustrates two different types of equivalent circuits for a valve-controlled 
hydraulic system. If systems are more complex and an electronic com- 
puter can be used in the analysis, then the engineer is increasingly apt 
to develop a complete mathematical description of the entire system and 
solve the resulting set of equations on the computer. This is, of course, 
the ultimate goal for systems analysts — to understand all variables and 
nonlinearities well enough so that they may be described mathematically. 



1.6 REVIEW OF THE TRANSISTOR TECHNOLOGY 

The third major event that stimulated the development of more sophis- 
ticated component and circuit analysis techniques was the introduction 
of the transistor. Again, circuit analysts found themselves under tremen- 
dous pressure to develop techniques that would allow the introduction of 
the device into many applications as quickly as possible. But they were 
relatively unprepared because of two very significant differences between 
vacuum tubes and transistors. The vacuum tube grid current is assumed 
to be negligible (infinite input impedance) and no feedback current exists 
from the plate to the grid circuit (zero reverse transfer admittance). The 
transistor, on the other hand, has significant input, output, and forward 
and reverse transfer admittances; therefore, it must be considered to be a 
coupled circuit in all directions. Consequently, the fifth stage of an ampli- 
fier must be considered in the analysis of the first stage. The potential 
complexity introduced by this requirement was staggering. 

The accelerated development of techniques associated with the analysis 
of multiport network models alleviated the anticipated difficulties. It was 
found that in most circumstances the transistor could be represented 
adequately by a linear two-port model such as in Figure 1 . 1 1 . zo The two- 
port model is suitable because there is normally only one significant 
independent output variable. 

When such a model can be considered to be linear, and when internal 
cross coupling is present such as in the transistor, one can write 

E, = h u h + h V2 E 2 
U = h 2 J 1 + h 22 E 2 




Figure 1.11 Two-port model and its variables. 
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where the /i's are the driving-point and transfer hybrid parameters of the 
two-port model. If a unit voltage is applied to port 2, h 12 E 2 is the complex 
voltage that appears at port 1. Using this set of hybrid parameters, the 
transistor equivalent circuit can be defined as shown in Figure 1.12. 

However, no single model of a transistor is suitable for all circuit appli- 
cations. As Linvill and Gibbons correctly state, 20 an attempt to account for 
all of the interacting factors with one model will needlessly complicate 
the analysis of even simple circuits. The circuit designer's needs are most 
adequately met by a range of models of varying complexity, including 
both simple and imperfect models that may be suitable representations of 
only the most dominant characteristics, and other more adequate but 
complicated models for situations where ultimate design limitations are to 
be studied. 

Models can be classified according to two basic forms or concepts, 
physical or functional. Physical models relate terminal behavior to internal 
processes. For transistors, this type of model is developed from an analy- 
sis of the physical process that occurs within the semiconductor material. 
Functional models represent only abstract terminal properties and neglect 
the details of physical processes. These models are determined by measur- 
ing the response of the transistor to certain input signals. 

The functional type of model is generally most appropriate since it 
provides sufficient information to predict the response of the device re- 
gardless of the particular excitation or the circuit in which it is connected. 
The empirical parameters for use with the model are monitored continually 
as a part of the quality control process in manufacturing. Their values can 
be measured directly with relatively simple instruments, or calculated by 
the designer from static characteristic curves. 

Using the exact procedure employed with vacuum tubes, the operating 
point of the transistor can be determined by superimposing a load line 
on a plot of the static output characteristic curves. However, transistor 
characteristic curves vary widely with temperature and among individual 
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Figure 1.12 Equivalent two-port representation of a transistor. 
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units of a given type; therefore, somewhat different forms of the static 
characteristics must be used to ensure the proper bias for maximum sta- 
bility. A linear circuit solution that involves linear approximations of the 
static characteristics is often satisfactory for the establishment of the 
bias point of the transistor. 



1.7 REVIEW OF NONLINEAR CIRCUIT ANALYSIS 

A comprehensive description of the state-of-the-art of nonlinear circuit 
analysis is far beyond the scope of this book. However, a brief review 
of the technology is useful to indicate several important factors in the 
analysis of fluidic devices. 

The electronic computer has made a very significant impact upon non- 
linear systems analysis. The behavior of nonlinear components and simple 
circuits have long been analyzed using piecewise linear techniques. But 
the applicability of this approach has been limited because the conditions 
for transition from one linear piece to the next have been difficult to deter- 
mine manually. Now the introduction of the electronic computer makes 
the transition solution easier, and piecewise linear analysis has become 
a powerful tool for the designer. 

Analog computers provide another approach to nonlinear systems 
analysis. Using nonlinear function generators, one can simulate most 
nonlinear and multivalued functions that govern the behavior of complex 
systems. Consequently, total system simulation can be accomplished. 

Methods for the analysis of highly complex coupled networks and 
structures have been developed in recent years. It is now possible to 
describe extensive systems with nonlinear parameters (systems such as 
thin shells and inflatable structures) by using matrices of high order to 
treat a distributed system as a very large network of lumped elements. 
Again, until the introduction of the electronic digital computer, it was 
impractical to attempt such solutions. However, we now have the tools 
necessary to describe complex multiport networks with matrices and 
solve systems of interconnected matrices using the electronic digital 
computer. 



1.8 SUMMARY OF THE REVIEW OF OTHER TECHNOLOGIES 

Up to this point, we have explored various other technologies to show 
that they employ very similar techniques in component description and 
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systems analysis. These general techniques can be reduced to three basic 
forms: 

1 . Mathematical (linear and nonlinear). 

2. Graphical. 

3. Linear models. 

Recently the emphasis has been upon developing more sophisticated 
linear models by introducing greater precision in treating additional de- 
grees of freedom and more comprehensive mathematical descriptions that 
incorporate nonlinearities and a large number of degrees of freedom. 

The preceding history of the development of other technologies will 
be used as a basis for measurement of current progress in fluidic systems 
and predictions about the future directions of accomplishment. 



1.9 REVIEW OF THE FLUIDICS TECHNOLOGY 

Hopefully the previous discussion has placed fluidics in its proper per- 
spective. Fluidics should not be considered a radically different field such 
as the development of mathematics as compared to psychology, rather 
it is a new technology comparable to the introduction of semiconductors 
after vacuum tubes. Fluidics is simply another system obeying firm physi- 
cal laws, and not the semimystical "black art" that some would have us 
believe. Consequently, fluidic systems can be analyzed, described, and 
synthesized with many of the tools used for more familiar physical systems. 

Fluidic systems analysis is not simple. However, the basic tools that 
are required are available -no new "breakthroughs" are necessary. It 
is simply a matter of time until these tools can be adapted for most effec- 
tive usage. 

Prior to its introduction, work that was significant to fluidics was 
accomplished in the related field of pneumatics. In 1950, A. S. Iberall 
published a paper 5 about the transmission of oscillatory pressures in instru- 
ment lines. The importance of the paper to fluidics was its concentration on 
oscillatory pressures of relatively low frequencies (well below acoustic 
frequencies) and levels of oscillation that are an appreciable fraction of 
the mean pressure. These conditions are directly relevant to fluidic cir- 
cuits except that through-flow is absent. During the same period in which 
Iberall's paper was published, analog and digital computers that provided 
much increased analytical capabilities, especially for complex systems, 
were becoming commonplace. Consequently, considerable discussion 
and interest in the numerous analogies between electrical, mechanical, 
and hydraulic systems was evident. 6-9 
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One of the first applications of the electric circuit analogy to pneumatic 
systems was presented in "On the Dynamics of Pneumatic Transmission 
Lines" by Rohman and Grogan, which was published in May 1957. 11 
Their analysis was linearized to create a form that is convenient for engin- 
eering computation of complete systems dynamics. Pressure was estab- 
lished to be analogous to voltage and volumetric flow to current. The 
pneumatic equivalents of resistance, capacitance and inductance were 
also introduced. The authors showed experimental data to prove that 
their equivalent circuit, shown in Figure 1.13 was a valid representation 
of the pneumatic circuit. One of their very important conclusions was that 
the isothermal rather than the adiabatic assumption for capacitance is 
much more realistic. 

In November 1957, Ezekiel and Paynter 12 introduced the systems con- 
cept to the analysis of fluid systems. They showed that individual trans- 
ducers, modulators (valves), transmitters, and passive elements with 
resistance, capitance, and inertance could be represented as two-port 
networks. Thus, whole systems could be fabricated in this form, and thus 
could easily be programmed for solution on an electronic computer. 

The application of electric equivalent circuits to the analysis of pneu- 
matic systems was firmly entrenched by 1958. Various textbooks which 
were published at that time described equivalent circuits for flapper- 
nozzle valves and numerous filter networks (a typical example is shown 
in Figure 1.14). 13 - 14 

Modern concepts that are employed in fluidic devices were first in- 
vented in 1 959. Following the announcement by Diamond Ordnance Fuze 
Laboratories of the work of Bowles, Warren, and Horton, numerous 
companies and government agencies began their attempts to apply fluidic 
devices in useful systems. A few of these groups and individuals were 
partially successful, but the great majority (including the author) were 
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Figure 1.13 Electric equivalent of a pneumatic circuit (Ref. 1 1 ) 
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Figure 1.14 Equivalent circuit for pneumatic low-pass filter network. 



frustrated by the lack of uniformity in the description of performance of 
fluidic devices and the need for suitable methods to couple these devices 
into efficient circuits. It soon became apparent that the lack of adequate 
analytical methods for both internal and external description of the fluid 
amplifier would seriously handicap the advancement of the technology. 

A serious problem was the difficulty that was encountered in cascading 
amplifiers. Warren described some of the considerations involved in cas- 
cading fluidic devices and proposed a solution in a paper published in 
August 1962. 24 He introduced the use of a bleed port as the most direct 
method for matching cascaded stages, by avoiding the need for accommo- 
dating all the flow of preceeding stages. 

Several of the papers presented at the First Fluid Amplification Sym- 
posium held at the Diamond Ordnance Fuze Laboratories in October 
1962 indicated the need for systems analysis methods and described vari- 
ous aspects of the associated problems. Authors only skirted the fringes 
of systems synthesis; the nearest approach was a recognition of impedance 
matching requirements and the potential usefulness of fluid to electrical 
analogies. Katz described proportional amplifiers and suggested the use 
of the electric analogy for circuit elements. 28 Hicks and Jetter stated the 
importance of demonstrating analogies between pneumatic and electric 
systems so the established electrical circuit theory could be used to pre- 
dict behavior. 25 The authors tabulated analogies between units and para- 
meters of mechanical, electric, and pneumatic systems, and demonstrated 
some analytical methods for circuits that contain passive elements. 
Lechner and Wambsganns described the output and input impedance 
characteristics of fluidic amplifiers and their significance to the cascading 
problem. 26 Dexter described an "admittance" parameter, Q 2 IP, for use in 
classifying and matching components. 27 

The American Society of Mechanical Engineers held a Symposium on 
Fluid Jet Control Devices in November 1962 and considerable activity 
in systems synthesis was reported. Norwood's paper was most significant 
since it was the first to view the fluidic amplifier as a multiport model or 
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"black box". 34 He also examined the switching behavior of the bistable 
amplifier with a series restriction in the control line by defining the input 
impedance curve and superimposing it upon the orifice output pressure- 
flow characteristic. Brown reported work with Van Koevering in which 
load-flow characteristics of fluid amplifiers were measured experimentally 
and then applied graphically to the problem of matching the fluid ampli- 
fier with a load. 30 Dexter extended his "admittance" concept and showed 
the graphical transfer and output characteristics illustrated in Figure 
1.1 5. 31 Warren also utilized graphical output characteristics, P 0 versus 
Q 0 , to describe the performance of various bistable amplifiers. 35 Boothe 
concluded in his paper that "the characteristics of fluid amplifiers can fall 
into two general categories, namely input and output characteristics. 
From these characteristics the transfer characteristics or gains can be 
deduced." 33 

In August 1963, Katz and Dockery published the first comprehensive 
work on static component description and circuit synthesis. 37 This report 
was a major milestone in fluidics technology. Both proportional and digital 
devices were considered, using techniques for component description and 
also system design. Static characteristic curves were employed through- 
out the study and tremendous insight into the behavior of fluidic devices 
was provided by illustrations of the variation of the characteristics that 
were presented. 

The proportional fluidic amplifier was represented as a four-terminal 
network. Pressure gain and the pressure amplification factor, that is, the 
pressure gain at constant output flow, were defined. A mathematical 
expression for the static output characteristic was developed and used to 
illustrate the effect of varying parameters. An expression also was de- 
veloped for the input characteristics to illustrate the effect of variation. 




Pressure transfer Output 
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Figure 1.15 Static characteristics of differential proportional fluid amplifier (Ref. 31). 
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These input and output characteristics were applied to the analysis of the 
behavior of two cascaded amplifiers. A matching procedure was outlined 
that satisfied the criterion of simultaneous saturation. 

The bistable amplifier was treated similarly. Output characteristics and 
the effect of parameter changes were illustrated. Again the load line tech- 
nique was applied to the analysis of cascaded stages. 

Katz and Dockery took a commendable position in the conclusion to 
their study which, unfortunately, was not appreciated by the majority of 
people in fluidics for several years. They stated that "the fluid-flow phe- 
nomena in fluid amplifiers are extremely complex. However, to use the 
amplification phenomena it is not necessary to understand the flow. It 
is necessary, though, to have a method of measuring performance so that 
amplifier circuits can be designed. The black-box approach and the result- 
ing characteristic curves presented here provide one such method." 37 
It is unfortunate that even today, 7 years later, manufacturers are reluc- 
tant to provide these characteristic curves for their fluidic devices. 

Further work on component description and systems analysis was not 
published in the open literature until May 1964, when numerous related 
papers were presented at the Second Fluid Amplification Symposium at 
Harry Diamond Laboratories. Many significant results were reported by 
the participants. 

Belsterling and Tsui reported progress on a research program devoted 
exclusively to developing techniques for fluidic system analysis and syn- 
thesis. 46 They extended the graphical approach for static analysis and 
originally applied the equivalent circuit approach for dynamic analysis 
of proportional fluidic amplifiers. Consequently, the authors took the 
initial step in the development of dynamic system design methods which 
are still the only practical techniques. The equivalent circuit for the vented 
jet-interaction amplifier that is operating at practical (intermediate) fre- 
quencies is shown in Figure 1.16. The authors reported successful experi- 
mental verification of the equivalent circuit for both the small-signal 
static case and for one dynamic case. 

Brown presented an analysis of fluid systems as coupled multiport 
elements. 44 The amplifier was treated as a four-port element consisting of 
two control ports and two output ports. Supply and exhaust ports were 
neglected since no active signal is sent through them. Two methods for 
predicting stability were outlined, one employed admittance matrices, 
and the other used scattering variables. Some examples that illustrated 
the application of these methods and suggested experimental techniques 
for measuring the admittances and scattering operators were given. 

Brown's paper was the beginning of another new approach to fluidic 
systems analysis. The application of the general systems approach to this 
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Figure 1.16 Midfrequency equivalent circuit for vented jet-interaction proportional fluid 
amplifier (Ref. 46). 

new technology implied a recognition that fluidics, because it is similar 
to numerous other phenomena, does not, indeed, require extraordinary 
techniques. 

Similar techniques were applied to new fluidic devices. Lechner and 
Sorenson used graphical techniques to describe and assist the cascading 
of impact modulators. 49 The input impedance curve was used as a load 
line on the graphical output characteristics to determine the operating 
points. However, because of the presence of the second independent 
supply nozzle, the analytical process for impact modulators involves a 
second set of output characteristics. Mayer and Maker developed a mathe- 
matical expression for the performance of the vortex valve and illustrated 
output characteristics with a superimposed load line. 41 

Extensions of the general techniques were also reported. Saghati 
illustrated the application of the "black box" graphical and equivalent 
circuit concept to the design of fluidic logic circuits. 42 Katz, Goto, and 
Dockery reported considerable success in the design of analog computing 
circuits with a straightforward analytical approach that was based on the 
use of performance parameters in addition to analogous electrical cir- 
cuits. 50 Warren described graphical methods for interconnecting bistable 
fluidic amplifiers by superimposing input characteristics on the output 
characteristics. 45 

Two papers that are significant for fluidic systems analysis were pre- 
sented at the Joint Automatic Control Conference in June 1964. Wright 53 
extended Norwood's work 34 with graphical design techniques to ensure 
proper matching. A stability criterion was also discussed. Boothe pre- 
sented a method for predicting the dynamic response of a proportional fluid 
amplifier using a lumped parameter representation. 52 To validate the ap- 
proach, frequency response tests were run with air and water up to several 
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kilohertz. Experimental data for the tests using air correlated well with 
the analytical results, even at high frequencies where the lumped-para- 
meter approach might be expected to break down. Boothe's paper repre- 
sents another major milestone in fluidic systems analysis because the 
fluidic circuit was analyzed in a conventional manner and experimental 
data proved that the lumped-parameter representation was valid for most 
practical cases using any operating fluid. 

However, reviews of fluidic techniques disagreed about the eventual 
importance of the lumped-parameter approach. Shinn and Boothe 54 des- 
cribed static matching of cascaded fluidic devices using characteristic 
curves and recommended the application of the lumped-parameter circuit 
model for situations where the operating frequencies are below a few 
hundred hertz. Fox and Wood, 55 in a summary of the state of the tech- 
nology published in October 1964, pointed out that the fluid circuit is 
extremely complex and cannot generally be treated as a lumped-parameter 
system. They recognized that simplifications such as lumped-parameter 
equivalents and graphical characteristics must be used for the present, 
but stressed that simultaneous solution of the fluid flow equations for the 
entire system must be the ultimate goal. 

Also in October 1 964 the staff of General Electric company completed 
their state-of-the-art studies for NASA. The need for standardization of 
parameters to describe the behavior of fluidic amplifiers and uniform 
methods for parameter measurement was emphasized. The studies in- 
dicated that time delays in proportional amplifiers resulted from three 
sources: 

1 . Compressibility and inertance in the control ports. 

2. Transport time from the nozzle to the receiver. 

3. Receiver and load dynamics. 

Suggested staging techniques were presented that described the fluid 
amplifier as an n-port network defined by an admittance matrix. Stability 
analysis— for small disturbances, this is an extension of the admittance 
matrix methods — with nonlinearities was illustrated using graphical 
methods. The latest useful staging techniques were described. These 
methods were basically graphical and ignored cross-coupling effects 
(reverse transfer admittances). 

Fluidics, a comprehensive study of the technology, contains several 
discussions important to the subject of fluidic systems. 58 Graphical load 
line methods for analyzing both proportional and bistable amplifier circuits 
are shown. Dynamic analysis with linear equivalent circuits is also dis- 
cussed. A technical appendix to this book contains several significant 
papers. 
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In the appendix, Fox reviews mathematical approaches to the anah sis 
of the behavior of fluidic devices. He reported that with the aid of elec- 
tronic computers, some progress was being made in solving simple two- 
dimensional flow problems. Fox described the analogies between fluid 
flow and electric circuits. He states that "there is an exact analogy be- 
tween elementary fluid theory and simple lumped-parameter electrical 
circuit theory. Other analogies such as the acoustic analogy with the tele- 
graph equations (distributed parameters) also exist and have usefulness 
within the limits of the analogy." Further "useful results can be obtained 
by proper use of these analogies and these results are applicable to design 
problems" (italics mine). 

Also in the technical appendix of Fluidics, Brown evaluated the future 
of the analysis of fluidic systems. He defined three types of models: 

1. Mathematical (equations). 

2. Functional (diagrams). 

3. Reticulation (equivalent models). 

Bondgraphs and pure-delay models were described. In a review of current 
knowledge, Brown concentrated on the equivalent circuit methods, which 
were just beginning to show promise. In conclusion, he stated "extremely 
useful prime-element dynamic models of linear and nonlinear fluid ampli- 
fiers and logic elements should be achievable. . ." and "lumped, pure 
delay and mixed models offer different compromises between the phy- 
sical feeling they impart and the ease with which they can be realized 
computationally. All, however, are superior to mathematical or signal- 
flow-diagram representations." He predicted that the first use of the 
models would occur in systems synthesis, and the second use in focusing 
attention on the phenomena that limit the dynamic performance of a 
component or system. 

Brown's comments constitute another important milestone. He estab- 
lished the perspective for viewing the work then being done against the 
general field of dynamic analysis. Consequently, he provided the direction 
for future work. 

Goldschmeid et al. 60 published in July 1965 a comprehensive report on 
the analysis of fluid amplifier dynamic characteristics. They had devel- 
oped the analogies between fluid and electric circuits and used them to 
illustrate several equivalent circuits. But they cautioned the reader on the 
use of lumped parameters throughout a system. Fox and Goldschmeid, in 
a n appendix to the report, show their analysis which led to the conclusion 
that electric analogies are only suitable for acoustic (a-c) signals and are 
useless for dealing with steady flow (d-c), which is a recognized limitation 
on linearized equivalent circuits. 
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Additional information on the methods for analyzing proportional fluid 
amplifier circuits was published in August 1 965 by Belsterling and Tsui. 61 
Graphical methods for static and large signal analysis were illustrated in 
detail. Equivalent circuits for the proportional jet-interaction amplifier 
were shown for low frequency and high frequency (400 Hz) signals. Good 
correlation between predicted and experimental frequency response was 
obtained. A prediction of the effect on frequency response of a change in 
supply pressure also was found to be in good agreement with the actual 
data. 

In September 1965, Kirshner published a brief resume of fluid circuit 
theory. 62 The fluid-electric analogy was explored in detail and the conclu- 
sion was drawn that the current analog should be mass flow and the voltage 
analog should be f(dplp) + (v 2 /2). Since this mechanical potential, as he 
calls it, is dependent on the stage path, nonlinearities due to conversion of 
energy into heat are present. This result leads to the conclusion that the 
fluidics engineer will always require graphical and computer techniques 
to consider these nonlinearities in his analysis of circuits and systems. 

The Third Fluid Amplification Symposium produced, as did past sym- 
posia, a number of relevant papers. Especially important for the present 
review was the study by Roffman and Katz. 63 Their work concerned an 
experimental and analytical investigation of the application of conven- 
tional control system stability analysis to a fluidic circuit. They measured 
open-loop frequency response, predicted the closed-loop stability using 
the Nyquist criterion, then closed the loop experimentally and compared 
results. The correlation of the analytical to experimental results was good. 

Belsterling published the results of a large-scale analytical and experi- 
mental study on static and dynamic analysis in February 1966. 67 The 
report covered the continuing development of analytical techniques for 
the design of systems of fluidic components. Three widely different am- 
plifiers that were analyzed according to previously developed methods 
are as follows: 

1 . Vented jet-interaction type. 

2. Closed (nonvented) jet-interaction type. 

3. Vented elbow type. 

Electrical equivalent circuits were derived and the frequency response 
predicted for each type. The analytical results correlated well with experi- 
mental tests. The major significance of this work was that various types 
of complex amplifiers were successfully represented by equivalent circuit 
models. The equivalent circuit for the closed type of amplifier (Figure 1.17) 
included the phenomena of internal feedback (reverse transfer admit- 
tance). This was the first successful attempt to analyze such a condition. 
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Figure 1.17 Equivalent circuit for closed jet-interaction proportional fluid amplifier 
(Ref. 67). 



Another book, Fluid Amplifiers, edited by Kirshner and written by the 
staff of Harry Diamond Laboratories contains information relevant to 
this evaluation of fluidic systems analysis. 66 A chapter on fluid circuit 
theory contains an excellent discussion of the analysis of two-terminal 
pairs (two-port networks), fluid transmission lines, and the matching of 
lines with bleeds, vents, and branches. Beam deflection amplifiers were 
defined as two-terminal pairs and performance parameters were derived 
for analyzing dynamic performance. Characteristic curves for both pro- 
portional and bistable amplifiers were illustrated together with procedures 
for matching, using the load line technique. 

In April 1966, Belsterling published an extension of the work on the 
development of systems design methods. 68 The article described the 
application of graphical techniques and equivalent electrical circuits to 
the analysis and synthesis of systems. The particular system that was used 
as an illustrative example is shown in Figure 1.18. Static behavior of the 
coupled components was determined by graphical characteristics and load 
lines. Dynamic performance was obtained by using the electrical equiv- 
alent circuit for the complete system. This presentation was the first 
detailed description to be published of the entire procedure for straight- 
forward systems design. 

A new equivalent circuit model for fluidic transmission lines was re- 
ported in December 1966 by Karam. 69 He showed by correlation with 
experiment that at low frequencies the line parameters can be considered 
to be independent of frequency, but at the high frequencies that are encoun- 
tered in many fluidic circuits, the variation in the line parameters with 
frequency (including the resistance parameter) must be taken into account. 
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At the May 1967 ASME Fluidics Symposium, Manion 70 presented a 
paper reporting on analog computer simulation of the proportional fluidic 
amplifier that illustrates one more very powerful technique for analyzing 
and synthesizing fluidic systems that has not yet been used to its greatest 
potential. With the aid of the analog computer, linear and nonlinear be- 
havior both statically and dynamically can be simulated. The analog com- 
puter approach to fluidic systems design represents an important step with 
great promise for the future. The simulation model is shown in Figure 
1.19, where Z,. and Z„ have the characteristics of the receiver and vent, 
respectively. 

In July 1967, Belsterling published a comprehensive "how-to-do-it" 
guide to the design of analog systems using fluidic devices. 71 Reference 
information was presented for definitions, symbols, and general prin- 
ciples, an integrated set of static and dynamic design methods, and a step- 
by-step design procedure, illustrated with a practical sample problem - 
the design of a fluidic yaw damper system for the UH-1B helicopter. 
Component descriptions and systems synthesis methods were based on 
graphical characteristics and electrical equivalent circuits. 

This work presented analog fluidic systems design procedures in minute 
detail, including methods applicable for sensors, amplifiers of various 




Figure 1.19 Simulation model for fluid amplifier (Ref. 70). 
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types, and actuators. Using the techniques described, the control sys- 
tems engineer could treat fluidic elements in the same way as electronic, 
electromechanical, and hydraulic devices in the design of integrated 
systems. Insight into the functional behavior of fluidic devices was also 
provided without dependence on the principles of fluid mechanics. It pro- 
vided the systems designer with the analytical tools to produce working 
fluidic systems immediately. The report also provides the knowledge 
necessary to produce fluidic devices which are capable of good systems 
performance. 

In July 1967 Pill reported a random testing technique which is espe- 
cially suited to measuring dynamic transfer functions (or admittance 
matrices) at small-signal levels and at high frequencies. 72 

A major step in the direction of more accurate and more efficient fluidic 
systems analysis, indeed, the direction of the future, was the publication 
of an analytical and experimental study by Brown of the multiport net- 
work approach to fluidic systems synthesis. 73 The linearized character- 
istics of fluidic amplifiers including the self-admittances of each port and 
the transfer admittances between ports were represented by admittance 
matrices. Stability criteria and response relations were given in terms of 
these matrices. The frequency-dependent elements of the matrices were 
measured for a proportional jet-interaction amplifier using two experi- 
mental techniques. 

Based on the reviews of other technologies and the progress in fluidics 
to date it is clear that multiport representations of fluidic devices must be 
used if the complex (and real) coupling between individual ports is to be 
included in the analysis. Brown's work provides the first real "handle" to 
doing this, covering the matrix description of the proportional fluidic am- 
plifier, and the application of the matrix technique to stability criteria, 
and computation of response. Of particular significance in the study was 
the somewhat detailed description of the practical problems associated 
with methods for the direct measurement of the terms of the admittance 
matrices. 

In October 1969 Brown and Humphrey 77 published the results of tests 
on a large-scale proportional amplifier. These tests defined the eight 
admittance terms of a four-port model over the entire useable frequency 
spectrum. The four admittances of a two-port (push-pull) representation 
were also given, which showed that the reverse transfer admittance term, 
as expected in a properly vented amplifier, can be neglected. 

A rather brief general review of the history of fluidic systems synthesis 
techniques has been presented. The status of the development of such 
techniques has been established for the present purposes. 
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The Fluidic Systems Design Process 



The purpose of this chapter is to introduce the systems design process as 
applied to fluidics, and to alert the reader as to what methods can be used 
to describe, test, and select components, and to design systems. 

2.1 THE GENERAL APPROACH 

The fluidic systems design process should, as in any other technology, 
proceed in an orderly manner. In general the major steps in proper 
sequence are the following: 

1 . Definition of system requirements. 

2. Definition of component requirements. 

3. Selection of components. 

4. Analysis of performance. 

5. Studies of critical parameters. 

System requirements are basic, covering functional (what is the job to 
be done), environmental (what kinds of stresses will it be subjected to), 
and physical (where the components must be located) aspects. 

Definition of component requirements involves system analysis to 
break down the overall requirements into specific requirements of each 
individual component. 

Component selection applies the results of system analysis and the 
definition of system requirements to eliminate the obviously unsuitable 
components and to "zero in" on the optimum component for the appli- 
cation. 
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Performance analysis means putting together on paper all of the indi- 
vidual components of the system to determine if and how the combination 
will perform. 

Finally parameter studies involve the determination of the effect of 
unwanted variables on system performance. 



2.2 DEFINITION OF SYSTEM REQUIREMENTS 

System requirements are primarily determined by the potential user with 
some inputs from the supplier depending on the user's familiarity with the 
fluidic technology. The user typically says: 

1 . I need a system to control a blank output in a certain prescribed manner and 
according to the behavior of certain inputs. 

2. I have blank input which provides a signal of blank. 

3. The system must operate from a blank psi line with blank contamination and 
consume no more than blank cfm. 

4. It must operate for blank million cycles with blank maintenance in an en- 
vironment of blank temperature and blank ambient pressure. 

5. I'm evaluating this fluidic system against a blank system so it cannot cost 
more than blank, weigh no more than blank and occupy no more space than 
blank [and these last three blanks usually approach zero]. 

Then the potential supplier visits with the user to see first-hand what is 
to be done. He finds that the required system is to be operated by primates, 
maintained by cretins, and its failure means the end of the world. He also 
finds that the input is 300 ft from where the system can be mounted and 
the available location is where cutting oil is dripping on it constantly. 

Fluidics people are concerned about these system requirements in vari- 
ous ways. First they ask, can fluidic devices perform the required func- 
tions? The answer in most cases is yes. Fluidic devices are available today 
to do nearly any kind of job imaginable. They can sense most physical 
variables (pressure, temperature, position, velocity), perform nearly every 
logic function (OR, AND, count, flip-flop, memory), provide all kinds of 
gain (proportional to 100,000), handle large quantities of power (up to 
hundreds of horsepower), and interface with other systems (high pressure 
pneumatic, hydraulic, and electric). 

The second question about systems requirements is, can fluidic devices 
operate reliably in the environment? The answer is nearly always yes pro- 
viding the air supply is properly conditioned. If this is the case, the fluidic 
system can be designed so the components are constantly purging them- 
selves with clean, cooled, and dried air. 
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Fluidic systems are most attractive in explosive environments, where 
the cost and safety aspects of explosion-proof electric controls give a 
fluidic system a clear advantage. They are also most attractive in high 
temperature applications. They are less advantageous in moist and oily 
environments where condensed liquids can drip onto the devices and 
attract other forms of dust and dirt. In any case it is wise to enclose every- 
thing possible inside an enclosure like a NEMA 12 electrical box, keeping 
it slightly pressurized to keep dirt from entering. 

The third system consideration is component layout. Size is sometimes 
a problem, and distance between components is nearly always a source of 
difficulty. Long interconnecting tubes cause significant pressure drops and 
even worse — time delay. The solution to this problem is to (a) use inte- 
grated circuits or manifolds whenever practical and (b) use booster ampli- 
fiers at the sending end of long lines. 

2.3 COMPONENT REQUIREMENTS 

System analysis to determine component requirements is the next step in 
the design process. One may start with a block diagram, isolating each 
function that must be performed between the input and output interface 
(see Figure 2. 1 ). Or one can start with a functional diagram using the sym- 
bols shown in Figure 2.2, which are now standard in the technology. The 
system diagram would then take the form shown in Figure 2.3. Note that 
on both block and functional diagrams are shown the parameters available, 
such as line pressure, input movement, and output force. Now compon- 
ents must be found that can perform the functions indicated, match with 
the interfaces, and match with each other. 

2.4 DESCRIPTION OF COMPONENTS 

There are a number of ways to describe fluidic component characteristics 
but unfortunately no one method is accepted as standard by all manufac- 
turers. The most widely used is, in general, graphical, but again the vari- 
ables displayed are not consistent among manufacturers. Considerable 
direction toward a common description has been made by NFPA and 
SAE Standards Committees. 
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Figure 2.1 Block diagram of typical fluidic system. 
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Figure 2.2 Standard functional fluidic symbols. 

The basic information needed by the systems designer about a compon- 
ent's behavior is input and output characteristics. He also needs supply 
characteristics and the effect of external parameters. Because fluidic 
devices are inherently nonlinear the simplest way to describe these charac- 
teristics is by means of graphs. Unfortunately it is not practical to include 
time-dependent characteristics, so graphs are limited to displaying static 
chctr&ctcr"! sties 

Typical input characteristics of a vented jet-interaction proportional 
amplifier are shown in Figure 2.4. The characteristics are a plot of the 
flow into one control port versus the pressure applied at that port. The 
locus of bias points is the curve generated when both control port pres- 
sures are always made equal. The differential control curves result when 
one control port pressure is increased and the other decreased the same 
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Figure 2.3 Functional diagram of typical fluidic system. 
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Figure 2.4 Input characteristics of jet-interaction amplifier. 



amount, keeping the average of the two always at a fixed bias pressure. 
This is the way the amplifier would operate in a "push-pull" circuit. 

The output characteristics shown in Figure 2.5 are a plot of the output 
pressure and flow as the load is varied from near zero resistance (high flow) 
to near infinite resistance (blocked output port). Because the output char- 
acteristics are also a function of the control signal, a complete description 
of the output characteristics is a family of curves of output flow versus 
output pressure, with control pressure or control flow as a parameter. 

The characteristics of the wall-attachment flip-flop, a bistable device, 
can be shown with similar graphical characteristics. Input characteristics 
shown in Figure 2.6 define the relationship between control flow and con- 
trol pressure at one port while the pressure at the other control port is held 
constant. Note the discontinuities at the switching points. 

Figure 2.7 shows the output characteristics of the wall-attachment flip- 
flop. Since it has only two stable states, there are only two curves defining 
the relationship between pressure and flow as measured at the output port. 

The foregoing input and output characteristics were normalized with 
respect to supply pressure and supply flow. This is a common practice 
that is reasonably valid and avoids the need for a set of curves at every 
allowable supply pressure. To interpret them, one more characteristic 
curve is required, the power nozzle characteristic, as shown in Figure 2.8. 
This is simply a plot of the pressure and flow into the supply port. 
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As mentioned previously, graphical characteristics cover the static 
case only. Dynamic time-dependent characteristics must be handled 
another way. Commonly they are given simply as "frequency response, 
1000 hertz" or "10 milliseconds into a one cubic inch load." These 
descriptions are very ambiguous and incomplete. A better way is by 
equivalent electrical circuits. The technique has been used widely in other 
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Figure 2.6 Input characteristics of wall-attachment amplifier. 
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Figure 2.7 Output characteristics of wall-attachment amplifier. 

technologies to describe anything from mechanical vibrations to the 
human vocal tract. Although they are valid for small changes only, they 
have advantages of being simple to cascade, compatible with well-known 
analytical tools, and able to provide tremendous insight into system 
operation. 

A typical equivalent circuit is illustrated for the jet-interaction propor- 
tional amplifier in Figure 2.9. The element in series with the input circuit 
2L C is due to inertance in the line to the control nozzle. The shunt ele- 
ments 2R C and C c \2 are effective control nozzle resistance and volume 
capacitance of the control aperture. The equivalent generator 2K P con- 
tains a delay factor (e~ st d) that includes wave propagation and transit times 
in the total path from the control port to the load terminals. The output 
circuit contains a series inductor 2L 0 and restrictor 2R 0 and a shunt 
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Figure 2.8 Supply port characteristics of jet amplifier. 



38 The Fluidic Systems Design Process 



2L C 

o — ^siSiSu- 



Pcd 



2L 0 2R 0 



-(jKpe-**) 



■2R r 



2 



' 2R T — t— 0 Pod 



Figure 2.9 Equivalent circuit for jet-interaction amplifier. 



volume capacitance of CJ2. If the lines to the load are short, the load vol- 
ume capacitance C,J2 is directly in parallel with the amplifier capacitance, 
and the load resistance 2R L parallels both. 

The elements that appear in the electrical equivalent circuits can all be 
calculated from the graphical characteristics, circuit dimensions, and con- 
ditions at the bias (quiescent, no-signal) operating point. 

A third way to describe fluidic components is by means of matrices. 
Matrix describers account for all cross-coupling terms such as internal 
feedback and coupling between control and supply ports. A typical admit- 
tance matrix describer in general terms is illustrated in Figure 2.10. The 
first row accounts for conditions at one control port including input flow, 
feedback flow from the output ports (2), cross flow from the opposite con- 
trol port, coupling with the supply port and coupling with the vents (2). 
There is a separate row (equation) describing the conditions at each port. 
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Figure 2.10 Matrix description of fluidic amplifier. 
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It is clear that the matrix describer is one step more sophisticated than 
the equivalent circuit representation, although it normally has the same 
capabilities and limitations. It takes into account all coupling terms but it 
is normally limited to small-signal changes. Using electronic computers 
for solving the equations, it could be feasible to use nonlinear coefficients, 
in which case both static and dynamic problems could be handled. 

The admittance matrix method for describing fluidic devices is just in 
its infancy. The basic approach has been layed out but so far the job of 
measuring coefficients looking into each port has not been thoroughly 
worked out. However the method is the most powerful so it is just a matter 
of time before the measurement problems are solved and fluidic devices 
can be described conveniently by matrices. 

There is a fourth way to describe fluidic component characteristics and 
that is as a continuous physical system. This is the approach originally 
taken by those trained in fluid mechanics. They wrote all of the equations 
describing the fluid system inside a component, then tried to solve the 
resulting array. Some significant progress has been reported recently but 
the problem is so complex it is not suitable for practical application in 
systems design. 



2.5 COMPONENT SELECTION 

The next step in the systems design process is the selection of compon- 
ents to meet the requirements previously defined. 

The most important requirement of a component is that it performs the 
proper function. Therefore we would first assemble catalog information 
by function such as "OR" gates or proportional amplifiers. One of the 
most important criteria is pressure level, which must be compatible through- 
out the system. Impedance levels must also be compatible although in 
some cases buffer devices can be inserted between mismatched stages. 
Speed of response is another of the most important but only in certain ap- 
plications. If efficiency is important, air consumption and recovery factors 
must also be considered. Environment may be critical so components must 
be examined for sensitivity to contamination, vibration, and acoustic noise. 
Finally although we may hesitate to admit it, company loyalties play an 
important part in component selection, which often overrides selection on 
characteristics alone. 

The outstanding features of the various types of fluidic components cur- 
rently available will be covered briefly in Chapter 3. It is intended to point 
out generally the kinds of things to look for in selecting components. 



40 The Fluidic Systems Design Process 



2.6 CALCULATION OF PERFORMANCE 

Just as there are four different ways to describe fluidic components, there 
are four ways to analyze system performance using these component 
descriptions. 

Graphical characteristics are used in system design by applying the "load 
line" technique as illustrated in Figure 2.1 1. The output characteristics 
of the driving component and the input characteristics of the driven com- 
ponent are then superimposed. The intersections of the two sets can be 
the only stable operating points. 

Since the family of curves making up the output characteristics have the 
control variable of the driving component as the parameter, the transfer 
curve of the coupled components can be determined by plotting the output 
pressure against the control variable at each point of intersection. 

Equivalent electric circuits are used directly in the dynamic analysis of 
fluidic systems as illustrated in Figure 2.12. The basic equivalent circuits 
of each component are determined. The equivalent circuits are then inter- 
connected in a manner analogous to the actual fluidic system. The circuit 
is then analyzed using conventional mathematical techniques. The trans- 
fer function is determined from a simultaneous solution of all the loop 




Figure 2.11 Graphical system analysis. 
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Figure 2.12 Equivalent circuit systems analysis. 

equations. At that point frequency can be entered as the variable to calcu- 
late the frequency response and plot it as a Bode diagram. 

The matrix describers are used in systems analysis according to certain 
simple rules. For example, as illustrated in Figure 2.13, the matrices des- 
cribing the coupled components would first be determined. According to 
the number of ports connected between the two components we would 
set the pressures equal and the sum of the flows zero. Thus, we can 
generate a matrix describing the interconnected components. For simple 
stability analysis, the admittance matrices can be used directly. 

The direct mathematical description of fluidic components and systems 
ls m the early stages of development. For this approach, component 
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description is rather inseparable from systems analysts. Consequently the 
difficulty of the problem is compounded by the need to cons.der both a 
the same time. The behavior of the fluid throughout the enttre system must 
be described mathematically by numerous coupled nonlinear expressions 
that involve the practically insoluble Navier-Stokes equation. This solu- 
tion will eventually be the ultimate in accuracy, accounting for all the 
nonlinearities as well as all secondary variables. However, it will be many 
years before this approach will become practical, in spite of the capabili- 
ties of the electronic computer. 




Figure 2.14 Effect of supply pressure on frequency response. 
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2.7 PARAMETER STUDIES 

In concluding the design of a critical system it is often wise to investigate 
the effect of parameter changes. One of the most important is supply pres- 
sure, which can compromise performance to the point of complete failure. 
A typical case would be the effect of supply pressure on frequency re- 
sponse. The results calculated and tested for a single stage amplifier are 
shown in Figure 2.14. Note that there is a significant shift in the natural 
frequency as well as an expected change in gain. 

A second important type of parameter study is to determine failure 
characteristics. If the system is doing a critical job it would be necessary 
to make it fail-safe and to indicate its own failure. 

Other parameters that might be the object of study are temperature, 
length of tubing, and changes in ambient pressure. 



2.8 SUMMARY OF THE DESIGN PROBLEM 

In summary, so far we have outlined the procedure for systematic design 
of fluidic systems. It covers the following major steps. 

1 . Definition of system requirements. 

2. Definition of component requirements. 

3. Selection of components. 

4. Analysis of performance. 

5. Studies of critical parameters. 
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3.1 ANALOG AMPLIFIERS 

Vented Jet-Interaction Amplifier 

The simplest configuration of fluid amplifier is the vented jet-interaction 
amplifier, illustrated in Figure 3.1. Pressure is applied at the supply port 
to produce a high-velocity jet issuing into the vented interaction region. 
Because this region is vented, essentially the power stream is issuing 
into an area maintained at relatively constant pressure, with very little 
interaction with the surrounding walls. If it is not deflected, the center line 
of the power stream will strike the splitter. Half of the power stream exits 
out the right output port and the other half of the power stream exits 
through the left output port. If equal impedances are placed downstream 
of the output legs and the pressure is measured between the output ports, 
the differential output is zero. 

Now if a pressure difference is applied between control ports, the result- 
ing momentum flow will deflect the power stream, and if the higher pres- 
sure is applied to the right control port the stream will be deflected so that 
more flow goes out the left output port than the right output port. Then the 
pressure difference measured between output ports is a finite value. 

The angle of deflection of the power stream is proportional to the dif- 
ferential pressures and flows applied between control ports and the power 
stream can be deflected until 100% goes out the left output port and none 
goes out the right output port. The power stream can be deflected to the 
right output port by applying a higher pressure on the left control port 
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than on the right control port. A typical gain curve for a vented jet-inter- 
action amplifier is shown in Figure 3.2. 

In general, vents are provided in proportional jet-interaction amplifiers 
to minimize the effect of loading; that is, the effect of partially blocking 
the output ports. Since the vented interaction region is always at a rela- 
tively constant pressure, the pressures that back up in the output legs have 




Figure 3.2 Gain curve of typical vented jet-interaction amplifier. 
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little effect on the interaction between control and power streams. In 
addition, as ports become blocked, the vents will provide an escape path 
for the excess fluid in the power stream. 

Parameters of importance in the design of proportional jet-interaction 
amplifiers are the following: 

1. Aspect ratio of the jets. 

2. Relative and absolute sizes of control and power nozzles. 

3 . Setback of control nozzles from power stream. 

4. Length of interaction chamber. 

Important features of the vented jet-interaction amplifier are the follow- 
ing: 

1. High pressure gain (5). 

2. Relatively high frequency response (KHz). 

3. Medium input impedance. 

4. Medium output impedance. 

5. Low efficiency. 

6. Medium signal to noise ratio. 

7. Stable under most loads. 

Closed Jet-Interaction Amplifier 

The closed jet-interaction amplifier is illustrated in Figure 3.3. Again 
pressure is applied to the supply port to produce a power jet that issues 
from the power nozzle into the closed interaction region. If the power 
stream is undetected, its center line will strike the splitter and half the 
flow will go out the right output port and half the flow will go out the left 
output port, producing a zero differential pressure across the output 
ports When a pressure difference is applied across the control ports the 
power stream is deflected, causing more flow to exit through one output 
port than through the other output port, producing an output differential 

^ThTdeflection of the power stream is proportional to the differential 
pressures applied at the control ports, so that the differential output pres- 
sure is also proportional to the differential control pressures applied. A 
typical gain curve for an amplifier of the closed jet-interact.on type is 
illustrated in Figure 3.4. 

Without -the vents to atmosphere, the effect of loading the output ports, 
that is, restricting the output flow, is reflected back to the interaction 
region affecting the interaction between the power stream and the control 
streams When the output ports are restricted, the pressure backs up 
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Figure 3.3 Typical closed jet-interaction amplifier. 

into the interaction region raising the entire internal pressure of the device. 
Since the power jet is issuing into a higher pressure, the pressure dif- 
ference driving the power jet is less and the strength of the power stream 
is decreased. In the extreme case when the output ports are totally 
blocked, the power jet flow becomes negligible and the amplifier is 
inoperative. 
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Figure 3.4 Gain curve of typical closed jet-interaction amplifier. 
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Features of the closed jet interaction amplifier are similar to those of 
the vented type except for (a) medium pressure gain and (b) inoperative 
with blocked loads. 



Vortex Amplifier 

The vortex amplifier, in various forms, has been developed by a number 
of companies. The basic vortex amplifier is illustrated in Figure 3.5. 
Pressure is applied to the radial inlet port, producing a power jet that 
issues from the radial nozzle into a short cylindrical chamber. If the power 
stream is undeflected it will continue toward the center of the chamber 
and exit through an outlet port maintained at a lower pressure or returned 
to ambient through a load restrictor. A control pressure is applied to the 
tangential inlet port producing control flow from the tangential nozzle. 
This deflects the power stream and imparts a component of momentum to 
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Figure 3.5 Typical vortex amplifier. 
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the tangential direction. As the stream flows toward the outlet port, it 
forms a vortex swirling at higher and higher velocity until it goes out the 
outlet port. As a result of the vortex, the pressure drop across the vortex 
chamber is increased in proportion to the tangential momentum injected. 
With an impedance connected to the output port the pressure at the out- 
put port is inversely proportional to the pressure applied to the tangential 
input port. 

A typical gain curve is illustrated in Figure 3.6. The vortex device 
illustrated here functions primarily as a throttling valve, varying the im- 
pedance between the supply and the output ports. As such it is unique in 
fluidics, being the only proven device with the capability for a reasonable 
"turn-down" of the flow from the power source. Other vortex amplifiers 
employ a receiver that is shaped to accept or reject the cone-shaped flow 
as it exits from the vortex chamber. 

Parameters of importance in the design of vortex amplifiers and valves 
are the following: 

1 . Ratio of chamber to outlet diameters. 

2. Aspect ratio of the vortex chamber. 

3. Uniformity of supply flow into the chamber. 

4. Location of the control nozzles. 

Important features of the vortex devices are the following: 

1. Medium pressure gain. 

2. Low frequency response. 

3. "Turn-down" capability (as high as 10:1). 




Figure 3.6 Typical vortex amplifier control curve. 
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4. Medium input impedance. 

5. Medium output impedance. 

6. Medium noise. 

7. Stable under all loads. 

Boundary-Layer-Control Amplifier 

The boundary-layer-control amplifier is shown in two of its simplest forms 
in Figure 3.7. Various configurations have been developed. Pressure is 
applied to the supply port to form a power stream that issues over a 
curved surface. The power stream tends to remain attached to the curved 
surface for a considerable distance downstream. When the proper condi- 
tions have been satisfied, this stream separates from the curved sur- 
face, strikes a conventional splitter, and exits through one of two output 
ports. 

A control stream is injected into the boundary layer where the power 
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stream is attached to the curved surface. The injected flow tends to separ- 
ate the power stream sooner, so it is directed at a different angle and more 
flow exits through one output port than through the other. The point of 
separation and thus the angle of deflection is proportional to the amount 
of flow injected into the boundary layer. Therefore with impedances 
connected to the output ports, the differential pressure measured between 
output ports is proportional to the pressure applied to the control port. 

A typical gain curve for the double leg elbow amplifier is illustrated in 
Figure 3.8. Note that the input is "single-ended" but the output can be 
differential. 

Vents are usually provided to avoid the effects of output port loading 
on the performance of the amplifier and to provide a path for the rejection 
of excess fluid. 

Parameters important in the design of boundary-layer-control amplifiers 
are the following: 

1 . Aspect ratio of the power stream. 

2. Location of the auxiliary parts (splitter, etc.). 

3. Velocity of the power stream. 

4. Curvature of the control surface. 

5. Number and location of the control slots. 

6. Directivity of the control slots. 

7. Length of the interaction chamber. 




Control flow 0 



Figure 3.8 Typical gain characteristics of double leg elbow amplifier. 
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Important features of the boundary-layer-control amplifier are the 
following: 

1. High flow gain (200). 

2. Medium frequency response. 

3. Medium input impedance. 

4. Low output impedance. 

5. Broad low-velocity streams (low frequency noise). 

6. Low pressure output. 

7. High efficiency. 

8. Stable under all loads. 

Impact Modulator 

The impact modulator is illustrated in Figure 3.9. Supply pressure is 
applied to two input ducts producing two jets that strike head-on in the 
interaction region. (Note that the design is symmetrical around the center 
line through the input ducts so the jets are circular.) The relative strengths 
of the two power jets are adjusted so the effective point of impact is just 
outside the output duct. Under these conditions the output flow is neg- 
ligible and the device is effectively turned off. 

When a control pressure is applied to the control duct a flow is added 
to the stream issuing from the left side. This causes the effective point of 
impact to move inside the output duct, producing an output flow. The 
distance that the point of impact moves inside the output duct is propor- 
tional to the amount of control pressure and flow; therefore, the output 
flow is proportional to the control pressure and flow. If an impedance is 
connected at the output port, the output pressure is proportional to the 
control pressure. A typical gain curve is shown in Figure 3.10. The effect 
of loading at the output port is normal and the amplifier is stable with a 
wide range of loads. 
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Figure 3.9 Typical direct impact modulator. 
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Figure 3.10 Typical impact modulator control curve. 

The parameters of importance to the design of the impact modulators are 
as follows: 

1 . Nozzle separation to diameter ratio. 

2. Relative pressures on opposing power nozzles. 

3. Relative diameters of power, control, and output ducts. 

4. Method of introducing control (direct or transverse). 

The important features of the impact modulator are as follows: 

1. High pressure gain. 

2. High input impedance. 

3. Output resistance variable with supply pressures. 

4. No internal feedback. 

5. Medium frequency response. 

6. High signal-to-noise ratio. 

7. Stable with all loads. 



3 -2 ANALOG SENSORS 
Back-Pressure Nozzle 

he most common type of sensor used in the fluidics field is the sensing 
t- It is based on the principles of pneumatic gages and flapper-nozzle 
;v ices that have been in use for many years. 
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Figure 3.11 Back-pressure nozzle. 



The sensing jet is illustrated in Figure 3.11. Pressure is applied to a net- 
work made up of a fixed restrictor in series with the sensing nozzle. The 
output pressure is taken at the junction of the two. When the nozzle is 
uncovered, its impedance is relatively low, so the major portion of the 
pressure drop occurs across the fixed restrictor. Therefore the output 
pressure measured is relatively low. When the jet is partially covered, the 
impedance of the nozzle is increased a significant amount, so the major 
portion of the pressure drop occurs across the nozzle rather than across 
the fixed restrictor. In this case the output pressure is relatively high. 

This arrangement is often used to sense the presence or absence of an 
object. The output pressure is proportional to the degree the nozzle is 
covered, so the sensing jet can be used as a sensor in either analog or 
digital systems. With an appropriate coding disk or plate, it can be used 
as a position encoder or as a pulse generator. 



Interruptable Jet 

The interruptable jet, commonly known as the "fluidic eye," has been 
developed by a number of device manufacturers as an object sensor. It 
is directly analogous to the electronic photocell or electric eye, hence its 
common name. 

The interruptable jet is illustrated in Figure 3.12. A supply pressure is 
applied to the input tube to produce a persistent turbulent jet, which is 
projected several nozzle diameters toward a receiver. When there is no 
interference a high percentage of the nozzle pressure is recovered in the 
receiver, just as in the jet-interaction amplifier. When the projected jet is 
interrupted, little or no pressure is recovered in the receiver. Therefore, 
the pressure in the receiver is an indication of the presence of an object 
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Figure 3.12 Turbulent interruptable jet. 



between the nozzle and the receiver. The pressure in the receiver is 
proportional to the degree the jet is interrupted, so the output (receiver) 
pressure is proportional to the position of the interrupting object. Thus the 
interruptable jet can be used as an analog sensor as well as a digital sensor. 



Bubbler Tubes 



For sensing the level of liquids and certain dry bulk materials, a simple 
arrangement of restrictors and tubing is often used. As shown in Figure 
3.13 supply air is applied to a tube through a calibrated orifice. An output 
signal is generated at their juncture. When the tube is uncovered, air 
bleeds out and the output signal is low. When the tube is submerged and 
bubbles are forced from its end the pressure at the output is proportional 
to the "head." For example, if water rises 2.76 in. above the end of the 
tube, the output pressure is exactly 0. 1 psi. 
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Figure 3.13 Bubbler tube sensor. 
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Figure 3.14 Converging jet sensor. 

Converging Jet Sensor 

To overcome the air consumption limitation of the back pressure sensor, 
the converging cone sensor uses an annular jet concentric with an out- 
put passage. As shown in Figure 3.14 the high-velocity annular jet, after 
leaving the nozzle, quickly converges, containing an area of low pressure 
inside the bubble formed. The output signal is therefore slightly below 
atmosphere. 

As a target moves into range some of the jet flow is reflected into the 
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Figure 3.15 Diverging jet sensor. 
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low pressure region. Therefore the output signal pressure is increased an 
amount inversely proportional to the distance between target and sensor. 
Range is nearly one nozzle diameter. 

Diverging Jet Sensor 

To further increase the sensing range without more air consumption, the 
annular jet is directed at an angle away from the nozzle centerline (see 
Figure 3.15). Now the air is projected a greater distance before joining, 
creating a longer bubble and a lower pressure inside the bubble. There- 
fore the flow begins to be reflected into the bubble at a greater distance 
between nozzle and target, hence a longer sensing range. 

Diverging cone sensors have a range up to two nozzle diameters and 
are practical up to 1 in. or more. Their output is inversely proportional to 
the distance to a target. 

Vortex Proximity Sensor 

Object sensors based on the vortex principle generally operate on the 
back pressure generated inside a vortex chamber as illustrated in Figure 
3 . 1 6. As the flow exits from the chamber it is swirling rapidly. This creates 
a diverging cone pattern that is normally entraining ambient air into its 
center. 

The output is taken at the center of the vortex inside the chamber. 
When there is no target in view, the divergent cone is open and the center 
of the vortex is at ambient pressure. When a target approaches it blocks 
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Figure 3.16 Vortex proximity sensor. 
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the entrainment of air into the center of the vortex and a vacuum is gener- 
ated there. The phenomenon is analog in nature so the output vacuum 
signal is inversely proportional to the distance to the target. Maximum 
range is 0.2 in. 



Vortex Rate Sensor 



One of the best known analog fluidic sensors is the vortex rate sensor. It 
has been developed by numerous agencies, including Harry Diamond 
Laboratories. 

The vortex rate sensor is illustrated in Figure 3.17. Supply pressure is 
applied to a manifold surrounding the cylindrical vortex chamber. Uni- 
form flow enters the chamber through a porous wall. With no disturbances 
the flow proceeds uniformly straight toward the drains located in the 
center of the cylindrical vortex chamber and exits in a relatively laminar 
fashion through the drain tubes. 

When the body of the rate sensor is turned at a uniform rate about the 
cylinder axis, the fluid flowing through the porous wall receives a com- 
ponent of momentum tangential to the vortex chamber. Then as the flow 
proceeds toward the drain, it forms a vortex of increasing angular velocity 
until it exits through the drains with a motion forming a helix. The angle 
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Figure 3.17 Typical vortex rate sensor. 
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of the helix is proportional to the momentum imparted as the fluid flows 
through the porous wall and is therefore proportional to the rate of turn. 

The most common method for providing an output from the vortex rate 
sensor is by means of pickup tubes inserted across the drain. Small holes 
are drilled in the walls of the tubes on either side of the drain centerline 
and a barrier is provided inside the tubes between the holes. When the 
flow is issuing out the drain in a laminar fashion both pickup tubes sense 
the same pressure. When the flow is in the form of a helix, one tube senses 
a higher pressure and the other tube senses a lower pressure. The pressure 
difference is proportional to the angle of the helix and its direction. There- 
fore, the differential pressure output is directly proportional to the magni- 
tude and direction of the rate of turn of the body of the vortex rate sensor. 
A typical sensitivity curve is illustrated in Figure 3.18. 



3.3 DIGITAL AMPLIFIERS 

Wall- Attachment Amplifier 

The fluidic device that was developed first was the wall-attachment ampli- 
fier. The wall-attachment amplifier is illustrated in Figure 3.19. Pressure 
applied at the supply port produces a power jet that issues from the power 
nozzle into the interaction region. Initially some of the flow goes out the 
left output port and some of the flow goes out the right output port. How- 
ever, this is an unstable condition. Due to the entrainment produced by 
the power jet as it issues from the nozzle, there is a low pressure region 
generated in the vicinity of the two walls. The jet is attracted to one or the 
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Figure 3.18 Typical vortex 



rate sensor sensitivity curve. 
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Figure 3.19 Typical nonvented wall-attachment amplifier. 

other and as it deflects closer and closer to the wall of its choice, the 
pressure becomes increasingly low until finally the power stream attaches 
to that wall. This is known as the Coanda effect. 

Now if the control flow is injected into the low pressure region, the 
pressure there is increased, permitting the power stream to detach from 
that wall. Because there is still a low pressure region due to entrainment 
on the opposite side, the power stream is attracted to the opposite wall, 
switching over and attaching to that side. 

The procedure can be repeated by decreasing the pressure on the right 
control port and increasing the pressure on the left control port, once 
again switching the power stream to reattach to the right wall. With im- 
pedances connected to the output ports there is a pressure difference 
generated between output ports that is a function of the switched position 
of the power jet. Therefore, we have an output pressure that is a function 
of the control pressures and the memory of the device. This is equivalent 
to a flip-flop function. A typical switching characteristic is illustrated in 
Figure 3.20. 

Vents are often provided in the wall-attachment amplifier to avoid the 
feedback effect of loading. However, they cannot be placed to vent the 
interaction region or there would be no attachment. Therefore, they must 
be placed downstream in the output legs. 
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Figure 3.20 Typical switching characteristic of nonvented wall-attachment amplifier. 



Other design parameters of importance are the following: 

1. Aspect ratio of the jets. 

2. Relative and absolute sizes of control and power nozzles. 

3. Setback of control nozzles from power stream. 

4. Length and setback of attachment wall. 

5. Length of interaction chamber. 

6. Shape of splitter. 

7. Position of vents. 

Important features are as follows: 

1. High switching sensitivity. 

2. Good memory. 

3. Relatively fast response. 

4. Medium input impedance. 

5. Medium output impedance. 

6. Medium signal to noise ratio. 

7. Low efficiency. 

8. Stability under most loads. 



Turbulence Amplifier 

The turbulence amplifier is one of the most practical and widely used 
fluidic devices. It was invented by Raymond Auger. 

The turbulence amplifier is illustrated in Figure 3.21. Pressure is applied 
to the supply tube, producing a low-velocity jet issuing into the interacion 
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Figure 3.21 Typical turbulence amplifier. 

chamber. Conditions are chosen so that the jet is perfectly laminar to a 
receiver just inside where it would normally become turbulent. Most of the 
flow is recovered and flows out the output tube. When a control pressure 
is applied to any one of the control tubes, the laminar flow is disturbed 
at a point ahead of where the flow enters the output tube; thus, the amount 
of flow recovered in the output tube is decreased. The amount the output 
is decreased is proportional to the control flow, but it is highly sensitive 
phenomena so the turbulence amplifier is used only as a digital, that is an 
on-off device. The interaction chamber is vented to avoid the effects of 
loading of the output tubes. 

A typical control characteristic is illustrated in Figure 3.22. 

Axisymmetric Focused- Jet Amplifier 

The axisymmetric focused-jet amplifier is essentially a three-dimensional 
wall-attachment amplifier and is therefore used as a digital device. 

The axisymmetric focused-jet amplifier is illustrated in Figure 3.23. 
Supply pressure is applied to the input duct providing a uniform pressure 
in the manifold or power chamber. This produces an axisymmetric sheet 
of fluid that attaches to the walls of the drain directing it out the output 
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Figure 3.22 Typical turbulence amplifier control characteristic. 
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Figure 3.23 Typical axisymmetric focused-jet amplifier. 



64 Operating Principles of Fluidic Devices 




0 Control pressure 



Figure 3.24 Typical axisymmetric focused-jet amplifier switching characteristics. 

ports. Pressure applied to the control ducts produces a flow that is in- 
jected into the boundary layer to separate the flow from the walls of the 
output drain. This causes the sheet of fluid to open up, decreasing the 
amount of flow out the output ducts. Again the interaction region is vented 
to prevent the effects of loading on the phenomena occuring in the inter- 
action region. A typical control characteristic is shown in Figure 3.24. 

Passive Logic Devices 

The wall-attachment amplifier can be designed to perform many digital 
logic functions such as inversion, OR-NOR, NOR, and AND/NAND. 
These devices provide both memory (latching) and power gain. However, 
in many cases the logic functions can be performed acceptably with pas- 
sive devices, much less complex devices operating on the signal power 
alone. 

A typical passive AND device is illustrated in Figure 3.25. Pressure 
signals are applied at both input ports, producing flows through the nozzles 
that intersect in the vented interaction region. The output receiver is 
placed downstream, on a line that bisects the angle between the two signal 
jets. 

When there is no signal on either of the input ports there are, of course, 
no jets and no output. If a signal pressure is applied to either of the two 
input ports, a jet is produced, but because of the geometry, it misses the 
output receiver and exits through the vent, again no output. 

If signal pressures are applied to both input ports, two jets of equal 
magnitude are produced that intersect in the interaction region. The 
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Figure 3.25 Typical passive AN D device. 

combined jet flows along the line that bisects the angle between the two 
intersecting jets and exits through the output ports. With an impedance 
downstream, an output pressure signal is produced. Thus we have a device 
that only produces an output signal when two input signals are present 
and no output signal when either one or both input signals are not present. 
In other words an output signal is produced only when input 1 and input 
2 are present, an AND function. 

The vents are provided to permit the escape of excess fluid and to 
minimize the effect of output port loading. 

Important design parameters of the passive logic devices are rather 
obvious. Except for aspect ratio of the jets, the only important thing is 
the geometry necessary to perform the desired function. 

Features of passive logic devices are as follows: 

1. Simplicity. 

2. High output impedance. 

3. Low power output. 

3 4 DIGITAL SENSORS 
Limit Valves 



Although they may be considered conventional pneumatic devices, various 
types of small valves are widely used with fluidic logic and control cir- 
cuits. Some have a plunger-type extension connected to a spool or poppet, 
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Figure 3.26 Limit valve sensors. 

which can be depressed by a passing object, exactly as an electrical limit 
switch. Others, such as illustrated in Figure 3.26, use a spring-loaded 
bleed poppet. The ball operator, when depressed, allows supply air to 
bleed out, reducing the pressure at the output port. The whisker-type, 
when deflected, opens one side of a simple bleed poppet. 

Limit valve sensors are most often used as digital sensors, performing 
the function of the common electrical limit switch. However, they can 
also be used as proportional sensors and are capable of measuring the 
motion of a target object with a resolution of better than 0.001 in. 

Interrupted Laminar Jet 

The interrupted jet can be operated in either one of two different modes. 
With a turbulent jet it is a proportional sensing device, as previously 
described. With a laminar jet it is bistable and sensitive to objects and 
motions of a few thousandths of an inch. As illustrated in Figure 3.27, 
a jet is projected at very low velocity, forming a coherent laminar stream 
across a gap to a receiver, where nearly all the flow is recovered. Then the 
pressure at the output is high. If an object interrupts the stream it becomes 
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Figure 3.27 Laminar interrupted jet. 

turbulent at the point of interruption and the stream is dissipated before 
it reaches the receiver. The output pressure becomes very low. 

Diverging Jet Sensor 

The diverging jet sensor is illustrated in Figure 3.28. A low pressure 
supply of air is connected to the supply port, forcing air out the annular 
nozzle. As the flow issues from the nozzle, all parts entrain air from the 
surrounding atmosphere. The divergent conical stream becomes conver- 
gent and attaches to itself, forming a closed bubble. Inside the bubble is 
a vacuum, holding it closed. A hole in the side of the nozzle conducts 




Figure 3.28 Long-range diverging jet sensor. 
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Figure 3.29 Acoustic beam sensor. 



this vacuum to the signal port. Therefore when the bubble is undisturbed 
there is a vacuum signal. 

If an object comes into the field of view of the sensor, which can extend 
for inches, the closed bubble bursts open and the signal pressure goes to 
atmospheric. Because this phenomenon is bistable, this diverging jet 
sensor is a proximity switch. 

The outstanding features of the diverging jet proximity switch are 
as follows: 

1 . Long range (4 in. or more). 

2. Requirement of access to only one side of target. 

3. Bistable switch. 

4. Fast response (3 to 4 msec). 

5. Low vacuum (or pressure) output. 

6. High output impedance. 

7. Sensitivity to solid, liquid, porous, and transparent objects. 

Acoustic Beam Sensors 

Another fluidic equivalent of the photoelectric eye is the acoustic beam 
sensor (fluidic ear). As illustrated in Figure 3.29, a fluidic oscillator gener- 
ates a sonic wave (50 kHz), which is focused and projected as a sonic 
beam. The receiver is usually a form of interrupted jet operated in the 
laminar mode. When the sonic beam impinges on the laminar jet, the beam 
causes it to become turbulent, reducing the output signal. When an object 
interrupts the sonic beam, the laminar jet is re-established and the output 
signal increases. 
Acoustic sensors have ranges to 5 ft or more. 
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4.1 GRAPHICAL CHARACTERISTICS 



In designing any system of interconnected components it is necessary 
to take into account the effect of one upon the other. This is true whether 
the components are electronic, hydraulic, mechanical, acoustic, or fluidic. 

The most practical way of doing this is the so-called "black box" method, 
which is widely used in control system design. This technique requires 
that each component be isolated from all other components in the system, 
then subjected to a few simple tests under typical operating conditions' 
This is normally done by the manufacturer. For example, the vacuum 
tube manufacturer supplies a set of characteristic curves and dynamic 
parameters for each tube type he markets. 

The information is used in electronics for amplifier stage coupling 
(matching) and in hydraulics for servovalve and load coupling. 

By applying the same proven approach to fluidics, all the mathematical 
tools now used in electronics and hydraulics can be applied to fluidic 
systems analysis and design. 

of am T S I- pi ; acticaI cases il is Possible to describe the total behavior 
r any fl Uldlc device wjth thg thre£ set§ Qf ^ fa ^ ^ 

to f'l aractenstics de nne what load an input signal sees when it is applied 
cutout P ° rtS ' Tram f er characteristics define what happens to the 

the n, t n mpUt Slgnal ' S a PP lied - Output characteristics define how 

output p P 0 U rts Slgnal 18 aff6Cted Wh6n a " eXtemal l0ad iS connected at the 

con w 0? >' lUrge SigHal anal y sis thes e three characteristics are most 
emently described graphically, because the graphs take into account 
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Figure 4.1 Characteristics of any fluidic component. 

device nonlinearities without complex mathematics. For dynamic and 
small-signal analysis these characteristics are more conveniently des- 
cribed in terms of equivalent electrical circuits, because well-developed 
linear circuit theory is directly applicable to the calculation of perfor- 
mance. 



Analog Amplifiers 



Typical fluidic component characteristics can be illustrated by those for 
one of the most common fluidic amplifiers, the vented jet-interaction 
analog amplifier (Figure 4.2). 

Graphically, the input characteristic of a single input port is a plot of 




Model 1602A 
Supply nozzle 
0.02 x 0.05 
control nozzle 
0.03 x 0.05 



Figure 4.2 Description of a typical vented jet-interaction amplifier. 



Graphical Characteristics 71 



Input resistance 

0 AQ 




Normal 
operating 
•limits 



\Differential, 
control curves 
(P cl + P c2 = constant) 



Right pressure, P c 

Figure 4.3 Typical static input characteristics of vented jet-interaction amplifier (one 
side only). 

the control flow versus the pressure applied at the control port (Figure 

4.3) . In most vented amplifiers (which minimize internal feedback) the 
input characteristics are practically independent of output loading. Note 
that the locus of bias points is the curve generated when both control 
port pressures are always equal. The differential control curves result 
when one control port pressure is increased and the other decreased the 
same amount, keeping the average of the two always at a fixed bias pres- 
sure. These are the conditions under which the amplifier will normally 
be operated. 

The transfer characteristic defines the gain of the amplifier and is rep- 
resented by a family of curves with output load as the parameter (Figure 

4.4) . Note that it is normal for the pressure gain to decrease as the load 
impedance is reduced (opened from blocked conditions), and that beyond 
saturation there can be a reversal in slope. 

The output characteristics are a plot of the output flow versus output 
pressure as the load is varied from near zero impedance (relatively large 
flow) to near infinite impedance (blocked output port) (Fig 4.5). Because 
the output characteristics (which define the output impedance) are also a 
function of the control signal, a complete description of the output charac- 
teristics is & family of curves of output flow versus output pressure with 
control pressure or control flow as the parameter. 

Now note that the transfer characteristic and the output characteristics 
contain the same information; output behavior under load, in response to 
° me input signal. Therefore, only one of these sets of curves is required. 
The output characteristics that are plotted in terms of flow and pressure 
are more convenient for analyzing the problems of cascading components ; 
therefore, this form is preferred. 



Unloaded (blocked output) 




Pd (Control differential) 

Unloaded (blocked output) 




(b) 



Figure 4.4 Typical transfer curves of vented jet-interaction amplifier; (a) single-ended; 
(b) differential. 
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Figure 4.6 Description of a typical wall-attachment amplifier. 
Digital Amplifiers 

Typical digital fluidic component characteristics can be illustrated for 
the most common digital amplifier, the vented wall-attachment amplifier 
shown in Fig. 4.6. 

Graphically the input characteristics of a single input port are a plot of 
the control flow versus the pressure applied at each control port, as shown 
typically in Figure 4.7. In this case (as with the proportional vented ampli- 




0 

Control pressure, P c 



Figure 4.7 Input characteristics of wall-attachment amplifier. 
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Figure 4.8 Switching characteristics of wall-attachment amplifier (one side only). 



fier) the input characteristics are practically independent of output load- 
ing, but this may not be the case for other types. The most striking feature 
of the input characteristic is the abrupt discontinuity of the curve. This 
occurs at the point of switching, when the pressure has built to the point 
where it detaches the power stream from the adjacent wall allowing it to 
attach to the opposite wall, thereby increasing the impedance looking into 
that control port. 

Note that the curve exhibits considerable hysteresis due to the latching 
effect of wall attachment; that is, the curve of increasing control pressure 
to the point of switching is different from the curve of decreasing control 
pressure to the point of reattaching. This curve is dependent on the pres- 
sure applied on the opposite control port. 

The switching characteristic is shown in Figure 4.8. Assuming effec- 
tive vents that prevent the feedback of output pressure into the interaction 
region, the switching characteristics should be shown as a family of curves 
with load as a parameter. Note that it is normal for the output pressure to 
decrease as load impedance is reduced; that is, opened from blocked 
conditions. 

The output characteristics shown in Figure 4.9 are the output flow ver- 
sus the output pressure as the load is varied from near zero impedance 
to near infinite impedance. 

The output characteristics are a function of the control signal so a com- 
plete graphical description of the output characteristics of the digital 
amplifier can be illustrated by two curves, one representing the case when 
the power stream is deflected into the output leg being measured, and the 
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Figure 4.9 Output characteristics of wall-attachment amplifier. 

other curve the case when the power stream is deflected away from the 
output leg being measured. 

Note again that the switching characteristics of the digital amplifier 
and the output characteristics contain essentially the same information, 
but in a different form; that is, output behavior under load in response to 
an input signal. Therefore only one of these two sets of curves is required. 
The output characteristics are preferred because they are more conve- 
nient for analyzing the problems of cascading components. 

Normalization of Characteristic Curves 

The characteristics of ftuidic devices are of course a function of supply 
pressure; therefore, to be complete, it is necessary to have a set of input 
and output characteristics for every allowable supply pressure. This can 
be done by providing individual input and output curves for a number 
of supply pressures and interpolating when necessary. But it is more 

I I I I 1 1 1 




Supply pressure 

Figure 4.10 Typical power nozzle characteristic of fluidic amplifier. 



76 Component Description 



convenient to do it by providing a single set of input and output character- 
istics normalized with respect to supply pressure and supply flow. In this 
case it is necessary to provide another characteristic curve defining how 
supply flow varies with supply pressure (essentially the power nozzle 
characteristic shown in Figure 4. 10). 

In summary, the total static and large-signal characteristics ofafluidic 
device under normal operating conditions can be described by only three 
sets of curves; input characteristics including bias and differential curves, 
output characteristics with input signal as a parameter, and power nozzle 
pressure-flow characteristics. 



4.2 EQUIVALENT ELECTRIC CIRCUITS 



Analog Amplifiers 

As an equivalent electric circuit, the analog fluidic amplifier can be rep- 
resented as shown in Figure 4. 1 1 . The input characteristics are described 
in terms of simple impedances between the control ports or between a 
control port and return. The transfer characteristics are represented by a 
pressure generator and a network whose output pressure is a function of 
the net pressure appearing at the control nozzle. The output characteris- 
tics are represented as simple series and shunt impedances that aredirectly 
coupled to the load impedance. 

The elements of the equivalent electric circuits can all be calculated 
from the graphical characteristics, circuit dimensions, and conditions at 
the bias (quiescent, no-signal) operating point. 
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Figure 4.11 Typical electric equivalent circuit for analog amplifier. 
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Figure 4.12 Typical electric equivalent circuit for digital wall-attachment amplifier. 
Digital Amplifiers 

As an equivalent electric circuit the digital fluidic amplifier can be rep- 
resented as shown in Figure 4.12. The input characteristics are des- 
cribed in terms of nonlinear impedances between a control port and return, 
which are controlled by output conditions. 

The switching characteristics are illustrated by a pressure generator 
with infinite gain, and an output-controlled reference diode at the input 
to the pressure generator. The output characteristics are represented as 
simple linear series and shunt impedances that are directly coupled to 
the load impedance. 

The elements of the electrical equivalent circuits can all be calculated 
from the graphical characteristics, the circuit dimensions, and the condi- 
tions at the bias operating point. 

In summary, the small-signal and dynamic characteristics of a fluidic 
device can be represented by an equivalent electric circuit containing 
various linear and nonlinear impedances and a simple generator. 



4.3 IMPORTANT PHYSICAL QUANTITIES 

!n the calculation of the dynamic behavior of fluidic components, it is 
necessary to take into account certain physical dimensions of the circuit 
and certain qualities of the operating fluid. 

Line Lengths 

The lengths of lines carrying pressure waves are important in the calcula- 
tion of equivalent inductance (or inertance) and resistance. This includes 
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the lengths of interconnecting lines, coupling hardware, and passages 
inside the fluidic component. 

Jet Path Lengths 

In passages and chamber areas where pressure waves will not propagate 
and the fluidic signal is transmitted as a flow variation (as in a free sub- 
merged jet), it is necessary to know the lengths of paths. From this it is 
possible to calculate the transit time of a signal through a fluidic com- 
ponent. 

Effective Areas 

In the calculation of equivalent inductance (inertance) and resistance, 
it is necessary to consider the effective area of the length of passage. For 
a fluidic component this may be presented for each different area or as an 
effective area based on the formula [from Ref.(8)], 

i _ (A in -^out) 

^effective - ,„ (^J/^J 

where Ai and A 2 are the areas of inlet and outlet sections. The effective 
areas of all control and outlet passages, coupling devices, and intercon- 
necting lines should be given. 

Effective Volumes 

In the calculation of equivalent volume capacitances in the circuit con- 
taining the fluidic component, it is necessary to know the effective volume 
of fluid trapped at every level of static pressure; that is, the total volume 
of fluid under compression. Effective volumes of all lines, connectors, and 
internal passages must be given. 

Power Jet Velocity 

In the calculation of transit time, it is necessary to know the average 
velocity of the power jet in the interaction chamber. Either this can be 
measured with a Pitot tube inserted up through a receiver or it can be 
calculated from the velocity of the power jet as it exits from the nozzle 
and as it enters the receiver. 
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Qualities of the Operating Fluid 

In the calculation of equivalent inductance and equivalent line resis- 
tances, and in the definition of the conditions under which static charac- 
teristics are presented, it is important to know the qualities of the operat- 
ing fluid. Unless the operating conditions are other than standard, ambient 
temperature, return and vent pressures, and type of fluid should be pro- 
vided. 



4.4 PERFORMANCE PARAMETERS 



Performance parameters can be defined for two basic purposes: first, 
to describe the behavior of a device under static or dynamic conditions 
(like pressure gain) and second, to provide the data necessary to calcu- 
late the behavior from basic information (like output impedance). The 
performance parameters most pertinent to fluidic control systems are 
defined in the following paragraphs. 



Output Resistance R„ 



Output resistance is defined as the ratio of a change in output pressure to 
a change in output flow for a fixed control signal, that is, 



AC. 



"edc 



With reference to the static output characteristics of a typical amplifier 
(as shown in Figure 4.5), the output resistance is simply the slope of one 
of the family of curves. Thus the output characteristic curves define the 
output resistance under all static conditions, but because the character- 
istic curves are not linear, the actual output resistance is quite variable. 
Therefore in determining the appropriate numerical value, the resistance 
must be calculated at the point at which the amplifier is operated when 
connected in a circuit. 



Pressure Gain G„ 




Pressure gain is defined as the ratio of the change in output pressure to 
the change in control pressure, when the fluidic amplifier is operating in 
a Particular circuit (with a particular load). That is (for a differential 
amplifier), 



G, 



AP cd 
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The transfer curve for a typical differential amplifier is shown in Figure 
4.13. By the above definition the pressure gain is the slope of the trans- 
fer curve. Since the curve is not linear, the point at which the amplifier 
operates in a circuit must be specified in calculating a numerical value for 
pressure gain. 

In the case of the digital fluidic amplifier, the definition of pressure gain 
is the ratio of the change in output pressure to the change in control pres- 
sure required/or switching to occur. That is (see Figure 4. 1 3), 

^ f P od (sw) 

1 cd(sw) 

It should be recognized that, according to this definition, the gain of the 
digital amplifier can be infinite if it has negligible hysteresis. 



Pressure Amplification Factor K p 

The pressure amplification factor for amplifiers is defined as the ratio 
of the change in output pressure to the change in control pressure when 
the output flow is constant. That is, 



Coc 



In effect, this is the maximum pressure gain that an amplifier could 
deliver if there were no loading effects (zero amplifier output resistance). 
With reference to the output characteristic curves for a typical amplifier 
(shown in Figure 4.5) one can see that the amplification factor is a func- 
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tion of the horizontal distance between the output impedance curves. 
And since the curves are neither linear nor evenly spaced, it is evident 
that the pressure amplification factor is quite variable. Therefore, in 
determining the appropriate numerical value for K p , calculations must 
be made in the vicinity of the point at which the amplifier operates in a 
circuit. 

Flow Gain G f 

Flow gain is defined as the ratio of the change in output flow to the change 
in control flow, when the fluidic amplifier is operating in a particular 
circuit (with a particular load). That is (for a differential amplifier), 



G f - 



AQcd 



By this definition the flow gain is the slope of the transfer curve plotted 
in units of flow. Since the curve is not linear (similar to the pressure trans- 
fer curve of Figure 4.13), the point at which the amplifier operates in a 
circuit must be specified in calculating a numerical value for flow gain. 

Sensitivity Factor K 

A sensitivity factor K can be defined for any fluidic sensor in the same 
way that the pressure amplification factor K„ is defined for an amplifier. 
The only difference is that the input variable is the quantity that the sensor 
measures instead of the control differential pressure. That is, 



A sensed variable 



2«c 



Since most output characteristic curves for fluidic sensors are nonlinear, 
the numerical value for the sensitivity factor must be calculated at the 
Point at which the sensor operates when connected in a circuit. 



Input Resistance R c 

!nput resistance is defined as the ratio of the change in control pressure to 

the change in control flow when the bias pressure is held constant. That 
is, 



R,= AP < 



(* cl Pc'2.) constant 
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With reference to the typical differential amplifier static input charac- 
teristics (Figure 4.3) the input resistance is simply the slope of the appro- 
priate curve. And since the curves are nonlinear, the numerical value of 
the input resistance must be calculated at the point at which the amplifier 
operates when connected in a circuit. 

Equivalent Capacitance C 

Because of the compressibility of the operating fluid, there is an equiva- 
lent capacitor formed by every element of volume under pressure in the 
fluidic circuit. As a result, the change of pressure at every point is delayed 
until there is sufficient flow to satisfy the conditions of compressibility 
at the new pressure level. The effect is analogous to an electrical shunt 
capacitor and can be treated as such in equivalent circuit analysis (see 
Chapter 8). 

The equivalent capacitance of a fluidic device is defined as the ratio of 
the trapped volume V to the absolute static pressure P a . That is, 

C = — (for isothermal flow) 

"a 

Since the passages are seldom uniform and the pressure is not the same 
in every section, each must be calculated as a separate element; then they 
must be added together to arrive at a total circuit capacitance. The pres- 
sure used in the calculation of the equivalent capacitance must of course 
correspond with the point at which the device operates in a circuit. 

In digital wall-attachment devices the major portion of the effective 
capacitance is due to "charging" the attachment "bubble." 

Equivalent Inductance L 

Because of the inertance of the operating fluid, there is an equivalent 
inductor formed by every element of mass in the fluid circuit. As a result, 
the change in flow at every point is delayed until sufficient forces can 
build up and accelerate the flow to the new level. The effect is analogous 
to an electrical series inductor and can be treated as such in an equivalent 
circuit analysis (see Chapter 8). 

The equivalent inductance of a fluidic device is defined as the ratio ot 
the product of mass density and length to the effective cross-sectional 
area. That is, 
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Since the area of the passages in fluidic circuits is seldom uniform and 
the density is not the same in every section, each must be calculated as 
a separate element; then they must be added together to arrive at a total 
circuit inductance. The pressure used to calculate mass density must of 
course correspond with the point at which the device operates in a circuit. 



Time Delay t d 

The total time delay is made up of a transit time t' d and a propagation 
time f d . The transit time delay in a fluidic device is defined as the time 
required to transport a deflected element of fluid in the power stream from 
the power nozzle to a point just inside the receiver where pressure waves 
can propagate. It can be calculated from the ratio of the length of the 
interaction chamber (where the power jet is essentially free) to the average 
velocity of the power stream. That is, 



, _ length of interaction chamber 
d average velocity of fluid flow 

The total time delay also includes the delay in the control and outlet 
passages due to the finite velocity of sound. In those cases, the delay is 
calculated from 

„ length of aper ture 

a velocity of sound + velocity of steady fluid flow 

and the total time delay is 

td = t' d +t d 



Pressure Recovery Factor R p 

Because of losses in fluidic amplifiers, it is not practical to recover 100% 
of the total power supplied to it. In many cases the recovery is an impor- 
tant factor in the selection of an amplifier for a specific application. 
Therefore, we define the pressure recovery factor as the ratio of the maxi- 
mum output pressure to the supply pressure. That is, 



Note that in the normal differential amplifier the maximum output pres- 
sure is recovered when the power stream is in a deflected condition. Note 
al so that similar recovery factors can be defined for flow and power. 
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Signal-to-Noise Ratio S/N 

Signal-to-noise ratio in fluidic circuits has the same meaning that it has 
in electronic circuits. Expressed in decibels, it is the ratio of the maximum 
signal capability to the noise at one point in the circuit. That is, 



maximum useable signal 
S/yV = 201og 10 



noise 



In fluidic amplifiers, the major source of noise is from turbulence and 
instability of the power stream; therefore, a reasonable measure of the 
noise can be made at the operating bias point. 
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5.1 STATIC 

he circuit for measuring the static characteristics of a differential 
uidic amplifier is shown in Figure 5.1. Note that flowmeters are required 
or one output side only, providing that the second output port is con- 
ected to a dummy load with the same impedance as the flowmeter. 
The circuit contains, in addition to the amplifier under test, a regulated 
supply of air, manually controlled valves in the lines leading to the control 
ports, and identical manually controlled valves in the lines from the output 
ports. The flowmeter in the output circuit should be chosen for low pres- 
sure drop. The pressure meters at the supply, control, and output ports 
can be simple U-tube manometers containing a fluid (mercury or water) 
suitable for the pressures being measured. Expansion tanks are used at 
each port to measure the approximate total pressure. Data can be re- 
corded directly onto properly scaled graphs labeled output flow versus 
output pressure and input flow versus input pressure. 

Analog Amplifiers 

The analog amplifier is tested as follows: a nominal supply pressure (one 
for v/hich the amplifier was designed) is applied, and the pressures at the 
control ports are adjusted to 10% of the supply pressure. (This is the 
control bias pressure where most jet-interaction amplifiers perform best, 
out other bias pressures may be appropriate for a particular case.) 

The first run (with wide-open load valve) is made by varying the control 
d ifferential pressure from zero to +10% of supply pressure and from zero 
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Figure 5.1 Circuit for testing differential fluidic amplifier. 



to — 10% of supply pressure. Note that the bias (the average of the two 
control pressures) must always remain at 10% of supply pressure. For 
example, when the right control pressure is raised to 11%, the left control 
pressure is lowered to 9%, thereby generating +2% control differential 
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while maintaining the bias at 10%. At each point of control differential, 
the output flow and pressure define a point on the output graph and the 
nput flow and pressure define a point on the input graph. 

When the first run is complete, the load circuit valves are closed an 
equal amount, giving roughly i of the supply pressure at the output ports 
with zero control differential. The second run, varying the control differen- 
tial pressure from zero to +10% of supply and from zero to -10% of 
supply, yields a new set of points on the output graph. The input points 
should be checked against the results of the first run to determine if it is 
necessary to record them. 

Additional runs are made in an identical manner: the load valves are 
closed in increments until the final run with blocked output ports. 

Finally, points of equal control differential pressure are connected with 
smooth curves. A typical set of output characteristic curves for a jet 
interaction amplifier is shown in Figure 5.2. Note that, although they 
represent a differential amplifier, they are actually measured on one side 
only, if the amplifier is reasonably well balanced. 

A second and third set of output and input characteristics should be 
taken with the same supply pressure but with control bias pressures of 
5% of supply and 20% of supply, respectively. A fourth and fifth set, 
taken at supply pressures above and below the nominal, and with control 
bias at 10% of supply, will complete the characteristics necessary for 
matching operating points and analyzing the response to large signals. 
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Figure 5.2 Static output characteristics of a jet-interaction amplifier. 
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Digital Amplifiers 

The static characteristics of a differentially connected digital amplifier 
are generated in a manner somewhat different from that used for the 
analog amplifier. This is because (1) we are mainly interested in the 
characteristics around the switching points and (2) it is often required to 
operate in the region where the output circuit is returned to a reference 
pressure below atmospheric. 

In the case of the digital amplifier, the testing procedure is as follows: 
a nominal supply pressure is applied to the test circuit shown in Figure 
5.1, the loads are returned to a regulated pressure of approximately 
—5 psig, and the pressures at the control ports are adjusted to a recom- 
mended bias level (nominally 10% of supply pressure). 

The first run, with wide-open load restrictors, is made by varying the 
control differential from +10% of supply pressure to —10% of supply 
pressure, then from —10% back to +10%. Note that it is important to 
advance in one sense to a switching point, then in the opposite sense to 
the reverse switching point in order to measure the hysteresis accurately. 

At each point of control differential, the output pressure and flow define 
a point on the output characteristic, the input pressure and flow define a 
point on the input characteristic, and the power nozzle pressure and flow 
define a point on the power nozzle characteristic. 

Additional runs are made similar to the analog case, readjusting the 
load impedance for each run until the loads are totally blocked.' The data 
recorded are sufficient to generate static input, output, and power nozzle 
characteristics. 

The static characteristics of other types of analog and digital fluidic 
amplifiers are measured in a similar manner. It should be emphasized that, 
when many characteristics are to be recorded, it is most convenient to 
automate the process, using electronic transducers and a graphical XY 
plotter. 

Vortex Rate Sensor 

The circuit for measuring the static output characteristics of a push-pull 
vortex rate sensor is shown in Figure 5.3. Note that a flowmeter is re- 
quired in only one of the output lines, providing that the adjacent line 
contains an equivalent dummy impedance. 

The circuit contains, in addition to the rate sensor under test, a regulated 
supply of air, a means for rotating the sensor at a known rate increment, 
manually controlled valves in the output, a flowmeter of low pressure 
drop, and U-tube manometers containing appropriate fluids (typically 
water). 
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The rate sensor is tested as follows. A nominal supply pressure is 
a Pplied, and the load valve is opened wide. The rate sensor is rotated at 
a known rate, and the output conditions are recorded as a point on an 
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appropriately scaled graph of output flows versus output pressure. The 
rate of turn is changed by a known increment, and the resulting output 
circuit conditions are recorded as a point on the output graph. 

When a predetermined number of values of rate of turn have been 
tested, the load circuit valves are closed by equal increments, the range of 
rate increments is repeated, and the resulting output pressures are re- 
corded. Additional runs are made with load valves set at increments 
giving uniformly spaced points on the output graph until the loads are 
completely blocked. Finally, points of equal rates of turn are connected 
with smooth curves. The result is a set of output characteristics, shown 
in Figure 5.4, which are typical of many vortex rate sensors. 

The static characteristics of other types of fluidic sensors are measured 
in a similar manner. 



Impedances 

The circuit for measuring the static characteristics of any fluidic passive 
element is shown in Figure 5.5. The circuit contains, in addition to the 
element under test, a regulated supply pressure, a manually controlled 
valve, a U-tube manometer connected across the resistor, and a low- 
pressure-drop flowmeter on the exhaust side of the circuit. 

A resistor is tested as follows. The supply pressure is set at a value 
slightly above the maximum that the resistor will be exposed to while in 
use. The manual valve is opened wide, resulting in a particular combina- 
tion of pressure drop and flow that is recorded as a point on an appropri- 
ately scaled graph of flow versus pressure drop. The manual valve is 
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Figure 5.4 Static output characteristics of a vortex rate sensor. 
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Figure 5.S Circuit for measuring static characteristics of a passive element. 

closed a given increment, causing a new combination of pressure drop and 
now that is recorded as a new point. The valve is closed by increments, 
Ur >til it blocks the flow to the element, and the resulting points are plotted 
°n the graph. Finally, the points are connected to form a smooth curve 
representing the static characteristics of the element. The result is a 
characteristic typically as shown in Figure 5.6. 
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Figure 5.6 Static characteristics of a fluidic resistor. 



5.2 DYNAMIC 
Analog Amplifiers 

The circuit for measuring the dynamic characteristics of a push-pull 
(differential) fluidic amplifier is shown in Figure 5.7. Note that the use of 
pressure instrumentation is illustrated. Flow transducers could be used if 
preferred. 

The test circuit contains, in addition to the amplifier under test, a 




Figure 5.7 Circuit for measuring dynamic characteristics of a differential amplifier. 
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source of supply, a pneumatic sinusoidal signal generator with separately 
adjustable bias and amplitude levels (to be described in detail later in this 
chapter), manometers containing appropriate fluids connected at the 
control and output ports, equal loads connected at the output ports, 
identical minimum-volume differential pressure transducers connected 
between the control ports and between the output ports, an electrical 
power supply (typically two 3 -volt dry-cell batteries), and a high-sen- 
sitivity XY plotting oscilloscope with identical X and Y amplifiers. The 
X axis is connected to the input transducer, and the Y axis is connected 
to the output transducer. 

The amplifier is adjusted for test as follows. Supply pressure (typically 
8psig) is applied to the amplifier circuit and the pneumatic sinusoidal 
signal generator. The signal generator is set to run at a speed producing 
5 to 1 0 Hz, while the control circuit bias pressure is adjusted to 1 0% of the 
supply pressure (or any other appropriate bias level). The signal gener- 
ator drive motor is then shut off, and by advancing the generator rotor 
disc slowly by hand, the amplitude of the sinusoidal differential pressure 
signal is measured. The amplitude is then adjusted (typically 10% of 
supply pressure, peak to peak) to the proper level. If an adjustment is 
made, it is necessary to repeat the bias adjustment again, and then the 
amplitude adjustment, until both requirements are satisfied. The bias and 
the amplitude pressures are noted, and the control circuit manometers are 
cut off. The load bias pressures are noted, and the load circuit manometers 
are cut off. 

With the signal generator running at low speed (typically 1 to 2 Hz) and 
the transducer power supply connected, the oscilloscope sensitivities are 
adjusted (in the XY mode) for good readability (as illustrated in Figure 
5.8a). The figure on the oscilloscope is obviously a plot of the output 
pressure (Y axis) versus the input pressure (X axis), and if the oscillo- 
scope amplifiers have been set for equal sensitivity, the slope of the figure 
is the pressure gain of the amplifier circuit. 

At higher frequencies, when there is a significant amount of phase 
shift between the output signal (Y axis) and the input signal (X axis), the 
figure appearing on the oscilloscope is not a single line, but rather a 
closed figure. If the amplifier (or circuit element) under test is ideally 
linear, the figure is a straight line for zero phase difference, an ellipse with 
Is major axis greater than the slope of the straight line for phase differen- 
ces between 0 and 90°, and an ellipse with its major axis exactly vertical 
for a phase difference of 90°. For phase differences greater than 90°, the 
m ajor axis of the ellipse rotates into the second, third, and fourth quad- 
rants. These situations are illustrated in Figure 5.8 for phase differences 
of less than 180°. 
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Figure 5.8 Typical oscilloscope displays of sinusoidal response (XY mode); (a) in-phase; 
(b) 0 to 90° phase lag; (c) 90° phase lag; (d) 90 to 1 80° phase lag. 

Both gain and phase difference can be read from the oscilloscope display- 
Gain is the ratio of the maximum excursion in the Y direction to the 
maximum excursion in the X direction, as illustrated in Figure 5.9. The 
phase difference is calculated from the ratio of the width of the ellipse MJ 
the Y direction to the maximum excursion in the Y direction, that is. 
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Figure 5.9 Measuring gain and phase angle from oscilloscope display. 
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Frequency Response Testing 

The amplifier circuit is now ready for frequency response testing. The 
first point is measured with the signal generator set at a very low frequency 
(less than 1 Hz). The gain and phase shift are calculated from the figure 
on the oscilloscope. The frequency (which can also be measured on the 
oscilloscope by temporarily switching to the time base mode of display), 
the gain, and the phase shift are recorded. Other points are measured at 
convenient increments of frequency (typically 1, 2, 5, 7, 10, 20, etc.) up 
to frequency where the output is so attenuated that the response cannot 
he separated from the noise appearing on the oscilloscope. 

From these data, the gain is calculated in decibels = 20 log 10 Pout^m- 
The results are plotted as a familiar Bode diagram (Figure 5.10) which 
shows how the magnitude of the gain and the phase shift of the amplifier 
circuit vary with frequency of the incoming sinusoidal pressure signal. 

Measuring Total Time Delay 

For measuring the time delay (transport time) of a fluidic amplifier, it is 
convenient to substitute a square-wave signal generator for the sinusoidal 
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Figure 5.10 Frequency response of a proportional amplifier. 

signal generator used in the frequency response tests (Figure 5.7). The 
transient response is then displayed on the oscilloscope used in its two- 
trace mode (both input and output pressures displayed on a common 
time base). A typical response is shown in Figure 5.11. The time delay 
(transport time) is then measured as the time difference between the 
initial rise of the square-wave input signal and the initial rise of the output 




Figure 5.11 Typical oscilloscope display of step response (common time base). 
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pressure. The measurement is made more convenient by photographing 
the oscilloscope display and reading the resulting print. 

The time delay appears in the frequency response as a phase difference 
directly proportional to frequency. The phase contributed by the time 
delay can be calculated from 

9 = 360 X time delay X frequency, degrees 
Digital Devices 

For defining the switching time of digital fluidic devices we are usually 
concerned only with conditions around the switching points. In this case 
the square-wave signal generator is connected to the test circuit and 
adjusted to provide just enough signal excursion to ensure positive switch- 
ing. The response is then displayed on the oscilloscope used on the two- 
trace mode (both input and output pressures displayed on a common 
time base). The response is similar to that shown in Figure 5.12. The 
switching time is measured as the time delay from the initial rise of the 
input signal until the output reaches 90% of its final value. 

Note that in the response there is a dead time until the attachment 
bubble (or equivalent capacitance) is charged, then the output rises to the 
new level in an exponential fashion. Note also that in many cases the 
turn-on time will be considerably different from the turn-off time. 




Figure 5.12 Typical oscilloscope display of switching time (common time base). 
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Sensors 

The circuit for measuring the dynamic characteristics of a typical fluidic 
sensor (rate sensor) is shown in Figure 5.13. The circuit contains in 
addition to the sensor under test, a source of supply pressure, a means for 
introducing a dynamic change in the sensed variable (such as a sinusoidally 
driven rate table), a transducer to measure the sensed variable indepen- 
dently (such as a high-performance electromechanical rate gyro), a mini- 
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Figure 5.13 Circuit for measuring dynamic characteristics of a vortex rate sensor. 
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mum volume differential pressure transducer, a source of power for the 
transducers, an appropriate load on the rate sensor outputs, and an XY 
oscilloscope. 

The input transducer is connected to the X axis of the oscilloscope, and 
the output transducer is connected to the Y axis of the oscilloscope. With 
the oscilloscope in the XY mode the input is varied sinusoidally at a 
relatively small peak-to-peak amplitude at various frequencies of interest. 

The amplitude and phase response of the sensor can then be measured 
directly from the oscilloscope display as described in the section on 
"Dynamic Testing of Analog Amplifiers." The results are plotted as a 
familiar Bode diagram showing the variation of amplitude and phase 
with frequency. 

The time delay (transport time) of the sensor is measured from the 
response to a step input. The results are displayed on the oscilloscope in 
the two-trace mode with both input and output signals plotted on a com- 
mon time base. The time delay is measured as the difference between the 
initial rise of the input signal and the initial rise of the output signal. The 
measurement is more convenient if the oscilloscope display is photo- 
graphed and the reading taken from the resulting print. 

Impedances 

The circuit for measuring the dynamic characteristics of any passive 
fluidic element is shown in Figure 5.14. In addition to the element being 
tested, the circuit requires a source of fluid supply, a sinusoidal differen- 
tial pressure signal generator, a minimum-volume differential pressure 
transducer, a source of power for the transducer (3-volt battery), a minia- 
ture dynamic flow probe (hot-wire anemometer), and an XY plotting 
oscilloscope. 

In running a frequency response test of an impedance element, it may 
be desirable to have a biased differential pressure signal, simulating the 
conditions encountered in most fluidic amplifier circuits. The signal 
generator can be unbalanced to provide this bias flow. 

To measure the dynamic characteristics, the flow transducer is con- 
nected to the Y axis of the oscilloscope and the pressure transducer is 
connected to the X axis. The signal generator is adjusted for a peak-to- 
Peak amplitude representing typical conditions (say, 1 psi). The signal 
generator is then set to run at a low frequency (below 1 Hz). The figure 
displayed on the oscilloscope in the XY mode is obviously a plot of the 
Pressure-flow static characteristics. (Typically, an orifice would display a 
s quare-law relationship; a capillary would show a linear relationship.) 
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Figure 5.14 Circuit for measuring dynamic characteristics of a passive element. 

Thus, the impedance of the passive element would be a function of the 
slope of the curve around the bias point. With properly calibrated trans- 
ducers, the impedance at that frequency can be calculated directly from 
the oscilloscope display. 

The frequency can be increased in convenient increments, and the 
magnitude and phase angle of the impedance can be measured from the 
oscilloscope display as described earlier. The results are plotted in the 
form of a Bode diagram, showing how the magnitude of the impedance 
and the phase angle of the impedance vary with frequency of the applied 
pressure. 
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5.3 SPECIAL TEST EQUIPMENT 



Pneumatic Pressure Signal Generator 

The pneumatic signal generator required to implement the foregoing 
dynamic tests must have the following specifications: 

1 . Deliver a differential pressure signal. 

2. Include an independently adjustable bias pressure in both output 
lines. 

3. Include an adjustment for peak-to-peak amplitude of the output 
signal. 

4. Have a continuously adjustable frequency from 1 to 300 Hz. 

5. Generate either a sine wave or a square wave (±5% distortion) 
with a minimum of changeover effort. 

6. Maintain a relatively constant (±10%) output over the specified 
frequency range. 

7. Require standard pneumatic and electrical power inputs. 

Signal generators meeting these specifications generally use a motor- 
driven wobble plate with two impinging back-pressure nozzles. 



Pressure Transducers 

The pressure transducers necessary to implement the test circuits such as 
those shown in Figures 5.7 and 5.13 have one major physical requirement. 
That is, they must be capable of measuring pressures in a physical circuit 
without introducing a large volume capacitance. Therefore, they must 
have a minimum-diameter flush-mounted diaphragm and be connected 
into the test circuit by means of a minimum-volume adapter similar to the 
one illustrated in Figure 5.15 using the shortest possible lines. It should 
be noted that in a differential pressure transducer, the dynamics of the 
two sides are not identical and can never be made so. Therefore, they 
should be connected into the test circuit in the same phase (i.e., high 
pressure on the same sides at the same time) so that the effect will be 
Partially cancelled. 



Flow Transducers 

)r dynamic testing, the only practical flow sensor known is the hot 
re. However, there are many levels of sophistication in the instrumenta- 
>n circuits necessary to provide an indication of the instantaneous 
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Figure 5.15 Pressure transducer with minimum- volume adapter. 



flow. Again, since the dynamic behavior of any fluidic circuit is so highly 
dependent on the associated lines and volumes, the hot-wire sensor should 
be arranged so that is introduces a minimum of additional volume and 
restriction into the test circuit. The sensors should also be properly 
phased to minimize any resulting nonlinear effects. That is, they should 
be so arranged that high flow occurs at the same instant at each sensor. 

XY Oscilloscope 

For measuring the frequency response characteristics of fluidic devices, 
it is most convenient to use an oscilloscope with the following charac- 
teristics: 

1 . Two beams synchronized to common time base. 

2. Calibrated time base. 

3. Identical amplifiers on both channels. 

4. High sensitivity (2 mV/cm) . 

5 . Convertible for XY plotting. 
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Automated Equipment 

Through the use of more sophisticated automatic equipment the testing 
process can be made more convenient, more accurate, and faster. With 
pressure and flow transducers connected to an XY plotter, graphical 
characteristics can be plotted directly. In dynamic testing, the use of a 
transfer-function analyzer provides for direct readout of magnitude 
ratios and phase angles and for direct continuous plotting of the Bode 
diagram. 
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6 



Graphical Characteristics of Typical 
Fluidic Devices 



Graphical characteristics for general classes of active fluidic devices were 
denned and discussed in Chapter 4. In this chapter actual graphical char- 
acteristics of typical active and passive fluidic devices are illustrated. They 
will show what is to be expected in the "real world." 

6.1 TURBULENT (NONLINEAR) RESTRICTORS 

Turbulent restrictors are most common in fluidic circuits. Various types 
operate with various degrees of turbulence; therefore, their characteris- 
tics differ. Shown in Figure 6. 1 are three typical examples of the charac- 
teristics of turbulent restrictors: a sharp-edged orifice, a standard needle 
valve, and a short length of plastic tubing. Note that the characteristics of 
the most turbulent, the sharp-edged orifice, closely approach a square law. 
That is, 

Q* = K(AP) 

Since incremental resistance is defined from the slope of these curves it 
is important to note that the numerical value of resistance is not constant 
(the resistance is nonlinear). It must be calculated at the point where it is 
to be operated in a circuit. 

6.2 LAMINAR (LINEAR) RESTRICTORS 

Laminar restrictors are sometimes needed in a fluidic circuit to avoid the 
effects of nonlinear resistance. Various types are used, all of them based 
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Figure 6.1 Static characteristics of typical turbulent-flow restrictors. 

on laminar flow through very small passages. Shown in Figure 6.2 are 
typical characteristics of several available types: Fotoceram;* extruded 
ceramic rod; and bundled stainless steel capillary tubes. Note that over a 
considerable range of pressure, the characteristic of the bundled capillary 
tubes is a straight line. That is, 

Q = K(AP). 

Since resistance is defined from the slope of the characteristic curve, the 
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Figure 6.2 Static characteristics of typical laminar-flow restrictors. 
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resistance is constant over this range; therefore, the specific point of opera- 
tion need not be known (so long as it is within the linear range). 

6.3 ANALOG AMPLIFIERS 

Vented Jet-Interaction Amplifier Output Characteristics 

The output characteristics of a typical vented jet-interaction differential 
amplifier are shown in Figure 6.3. Note that the amplifier is not stable with 
blocked loads. 

Vented Jet-Interaction Amplifier Input Characteristics 

The input characteristics of a typical vented jet-interaction amplifier are 
shown in Figure 6.4. 

Vented Jet-Interaction Amplifier Transfer Characteristics 

The transfer characteristics of a typical jet-interaction amplifier are shown 
in Figure 6.5. Note that these apply to only one circuit connection; if the 
circuit is changed, the transfer characteristics change. 
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Figure 6.3 Static output characteristics of vented jet-interaction amplifier. 
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Figure 6.4 Static input characteristics of vented jet-interaction amplifier. 

Closed Jet-Interaction Amplifier Output Characteristics 

he output characteristics of a typical closed jet-interaction amplifier are 
shown in Figure 6.6. Note that by comparison with Figure 6.3 the use of 
vents avoids the complete loss of gain (distance between curves) at low 
output flows. 

Model 1602A P, = 8 psi (air) P co = 0.8 psi load R c = 0.7 ^* 
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Figure 6.5 Static transfer characteristics of vented jet-interaction amplifier. 
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Figure 6.6 Static output characteristics of closed jet-interaction amplifier. 

Note that in the closed amplifier, the effects of loading are reflected back 
to the input ports. Therefore, the input characteristics will be a. family of 
curves similar to Figure 6.4 with load resistance as the parameter. 

Vented Elbow Amplifier Output Characteristics 

The output characteristics of a typical vented elbow amplifier are shown 
in Figure 6.7. Note that this type of amplifier is characterized by very low 
output resistance (AP U /A<2„). 
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Figure 6.7 Static output characteristics of vented elbow amplifier. 
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Figure 6.8 Static output characteristics of vented wall-attachment flip-flop. 

6.4 DIGITAL AMPLIFIERS 

Vented Wall- Attachment Flip-Flop Output Characteristics 

The output characteristics of a typical vented wall-attachment flip-flop are 
shown in Figure 6.8. Note that there are only two curves, one defining the 
conditions when the flow is switched toward the leg being measured and 
the other defining the conditions when the flow is switched away from the 
leg being measured. Note also the branch of the curve in the negative pres- 
sure region, generated by applying a vacuum at the output port. 
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Figure 6.9 Static input characteristics of vented wall-attachment flip-flop. 
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Vented Wall- Attachment Flip-Flop Input Characteristics 

The input characteristics of a typical vented wall-attachment flip-flop are 
shown in Figure 6.9. Note that the curve extends into the negative region 
when the power stream is attached to the side being measured. This is 
necessary to maintain the negative pressure in the attachment bubble. 

Turbulence Amplifier Output Characteristics 

The output characteristics of a typical turbulence amplifier are shown in 
Figure 6.10. Note that the pressures involved are quite low because the 
supply pressure must be kept low to produce a laminar jet. Note also that 
the pressure recovery is well over 50%, an outstanding feature of the tur- 
bulence amplifier. 

Turbulence Amplifier Input Characteristics 

The input characteristics of a typical turbulence amplifier are shown in 
Figure 6.11. Note that the input impedance is relatively high and there is 
no cross-coupling from either the output or from adjacent control nozzles. 
These features contribute to the turbulence amplifier's reputation for easy 
interconnection. 
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Figure 6.10 Static output characteristics of turbulence amplifier. 
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Figure 6.1 1 Input characteristics of turbulence amplifier. 



6.5 SENSORS 

As described in Chapter 4, the characteristics of sensors can be illustrated 
by a set of output curves with the sensed variable as a parameter. 

Back-Pressure Nozzle Output Characteristics 

The circuit for the distance-sensing back-pressure nozzle includes a 
network of fixed restrictors, so the output characteristics will reflect the 
characteristics of the restrictors selected. Figure 6.12 shows the output 
characteristics of a sensing nozzle with a circuit containing a typical set. 
Note that with a high resistance load, the output pressure is a nonlinear 
function of the distance from nozzle to object. 

Interruptable Jet Output Characteristics 

The output characteristics of a typical interruptable jet are shown in 
figure 6.13. Note that the device has characteristics similar to the jet- 
mteraction amplifier because it also involves the projection and recovery 
°f a free jet. 

Vortex Rate Sensor Output Characteristics 

The output characteristics of a typical vortex rate sensor are shown in 
'gure 6. 14. Note that the parameter is the rate of turn of the sensor. Note 
ko that because of the type of pickoffused, the characteristics are very 

nearly straight lines. 
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Figure 6.12 Static output characteristics of back- pressure nozzle. 



6.6 ACTUATORS 



Actuators are denned as the end loads on the fluidic control system that 
convert fluidic power into mechanical power. Therefore, we will be con- 
cerned only with input characteristics. The most common forms are recti- 
linear and rotary actuators and fluid motors. 

The dynamic characteristics of actuators and reflected loads are ex- 
tremely important to the design of a stable, high-performance fluidic con- 
trol system. Actuator and load dynamics are covered in Chapter 8. 
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Figure 6.J3 Static output characteristics of interruptable jet. 
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Input Characteristics of Rectilinear and Rotary Actuators 

Rectilinear and rotary actuators are piston-type devices with very low 
eakage designed for limited motion. Therefore, the static input charac- 
teristics for a blocked mechanical load, typically as shown in Figure 6 15 
are straight lines very nearly on the pressure axis. With no mechanical 
oad the flow (and velocity) is limited only by the friction and internal 
resistance of the actuator, but because of limited motion, this condition 
can exist only for a short period. 
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Figure 6.15 Static input characteristics of piston-type actuator. 
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Differential input pressure, psi 
Figure 6.16 Static input characteristics of piston-type and vane-type fluid motors. 

Input Characteristics of Fluid Motors 

Fluid motors may be piston-type or vane-type devices designed for con- 
tinuous rotation and may have considerable leakage. Typical static input 
characteristics with a blocked rotor are shown in Figure 6.16 for a low- 
leakage piston-type motor and for a high-leakage vane-type motor. When 
the motors are running at constant velocity, the characteristics are raised 
parallel to themselves. 
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Large-Signal Performance Analysis 



Like most electric and hydraulic components, the characteristics of 
fluidic devices are nonlinear. When operated at extremes or when driven 
by a large signal, the performance parameters cannot be considered 
constant, and the output will be a distorted reproduction of the input 
signal. In the cases where the effects of these nonlinearities cannot be 
neglected and the effect of time can be neglected, the graphical method 
of performance analysis is most convenient. Using this method, the 
system designer can account for the nonlinearities without the need for 
complex mathematical processes. 

Whether or not the effects of nonlinearities can be neglected may be 
determined from a brief preliminary analysis. The designer must first 
estimate the magnitude of the signal excursion and how much the output 
characteristics deviate from linearity over this excursion. He must also 
estimate values for the time-dependent circuit parameters and how much 
error they introduce at the expected signal frequencies. 

7.1 THE LOAD LINE 

Consider first how the jet-interaction amplifier behaves in a circuit. 
Figure 7.1 illustrates the analogy between the fluidic amplifier and the 
transistor, and between the fluidic amplifier and the spool valve. Note 
that it is directly equivalent to a differential connection of transistors 
and to a three-way spool valve. 

Consider now the case of the differential analog fluidic amplifier with a 
Passive load having characteristics as shown in Figure 7.2b. The output 
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Figure 7.2 Coupling a differential fluidic amplifier to a passive load (a) Amplifier output 
characteristics (right half), (b) Passive load characteristics, (c) Superposition of charac- 
teristics. 
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characteristics of the amplifier are shown in Figure 7.2a. The problem is 
to find out what will happen when the amplifier is connected to the passive 
load. 

The first point that the circuit designer must realize is that the output 
characteristics show how the amplifier will behave with any load. In 
fact, the curves were plotted from the performance of the amplifier for a 
number of loads, from open outlet port (zero impedance) to blocked 
output port (infinite impedance). 

The second point is that the load characteristic is a single line; that 
is, there is only one flow level for each pressure applied. 

Finally, one must realize that when the load is connected to the am- 
plifier, the pressures and flows are common to the two; that is, the 
amplifier output pressure is identical with the passive load pressure and 
the amplifier output flow is identical with the passive load flow. 

Because of these points, the combined behavior of an amplifier with 
passive load can be found simply by plotting their characteristics on the 
same graph as shown in Figure 7.2c. The passive load characteristics 
are superimposed on the amplifier output characteristics as a "load line." 
Since pressures and flows must be identical in both components, the 
points of intersection of the curves can be the only operating points. 

Consider the case of cascading two differential fluidic amplifiers. For 
the driving amplifier we would have a set of output characteristics as 
shown in Figure 7.3a. For the driven amplifier we would be concerned 
with its input characteristics as shown in Figure 73b. Now how can we 
tell how the amplifiers will behave when they are connected together? 

When the output of the driver is connected to the input of the driven 
amplifier, the output pressure and flow of the driver must be identical 
with the input pressure and flow of the driven. That is, the only possible 
operating conditions are those where the output pressure and flow of the 
driver amplifier coincide with the input pressure and flow of the driven 
amplifier. These points are easily found by superimposing the input 
characteristics of the driven amplifier as a "load line" on the output char- 
acteristics of the driver, as shown in Figure 7.3. The points where the 
characteristics intersect are the only stable operating points. (Note that 
even m the case of a differential connection, it is necessary to consider 
each side separately.) Once the range of operating points is defined on 
We mput characteristic, the points may be entered on the output char- 
acteristics of the second stage, and the output of the second stage is then 
aetermined by the same "load line" method. 

. Digital devices and circuits can be analyzed using static characteristics 
« > a i similar way as illustrated in Figure 7.4. Again the input characteristics 
the driven stage (or stages) are superimposed on the output charac- 




Output characteristics 




Figure 7.4 Coupling two wall-attachment amplifiers (flip-flops). 
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teristics of the driving stage. And the only stable operating points are 
defined by the intersections of these characteristic curves. 

The load line concept can be generalized as follows. Whenever two 
fluidic components are connected together, the coupled behavior can be 
defined by superimposing the appropriate characteristic curves for the 
two components. The only stable operating points are where the charac- 
teristics intersect. The process is illustrated in Figure 7.5. 

Load Line Design Procedure 

To determine the characteristics of two coupled active or passive 
fluidic components, two sets of information must be obtained. They are 
(a) the output characteristics of the driving component (with control 
variable as a parameter) and (b) the input characteristics of the driven 
component (with normal operating range marked on the curves). 
The procedure is as follows: 

1. Plot the driving amplifier output characteristics to a convenient 
scale. 

2. Convert the input characteristics of the driven component to a 
similar scale. 




Figure 7.5 Graphical systems analysis. 
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3. Plot the input characteristics of the driven component on the output 
characteristics of the driving component. 

4. Note the points at which the curves intersect. 

5. The intersecting points determine the operating characteristics of 
the two coupled fiuidic components. 



7.2 CALCULATION OF THE TRANSFER (GAIN) CURVE 

Once the operating conditions have been defined by the superposition 
of characteristic curves, the static gain (or performance) curve can be 
calculated. 

Referring again to Figures 7.2 and 7.3 it is first necessary to determine 
the bias (or quiescent) point. This is given at the intersection of the zero 
control curve of the driver amplifier with the passive load characteristic 
or the bias curve of the driven amplifier. This is the point at which the 
pressure and flow will be when there is no signal into the driver amplifier. 

When the differential amplifier receives an input signal, one output port 
pressure increases while the other output port pressure decreases. Since 
this is the condition that is applied at the input of our driven amplifier, 
it is appropriate to use the differential curve for the "incremental" load 
line, that is, for changes about the operating bias point. 

To plot the differential pressure gain curve for the driver- amplifier 
loaded with the second differential amplifier, the coordinates shown in 
Figure 7.6 are used. Where P cd = 0, the output pressure of the right port 
is P 0l and the output pressure of the left port (if the amplifier is perfectly 
balanced) is P 0l . Therefore, the differential output P od is zero. When 
P cd = + l, the right output is P o2 , the left output P o3 and the difference 
P od = +2. When P cd = -1, the right output is P o3 , the left output is P o2 , 
and the difference is P od = —2. Continuing this procedure of taking in- 
crements of P cd and calculating the value of P od from the curves leads 
to a complete transfer (gain) curve as shown in Figure 7.6. Note that this 
defines the pressure gain of the driver amplifier only when it has the driven 
amplifier as a load. 

If the amplifier is not perfectly balanced, different output characteristics 
for the right output and the left output are used in a way similar to that 
above. 

Transfer Curve Design Procedure 

To determine the sensitivity or gain of coupled fiuidic components, the 
plot of output characteristics of the driving component with the input 
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characteristics of the driven component superimposed must be available. 
The procedure is as follows: 

1 • Select the input and output variables of interest (pressure, flow, rate 
of turn, etc.). 

2. Prepare a graph with scales to conveniently cover the range of 
variables. 

3. Find the no-signal operating (bias) point from the intersection of the 
zero-control output curve with the load line. 

4. Take a number of positive and negative increments of input signal 
and determine from the intersection of the appropriate output curves' 
with the load line a number of points along the transfer curve. 

5 - Plot the results on the previously prepared graph. 
6. The resulting transfer curve defines the specific performance of 
load° OUPled COmponents under the 8 iven conditions of supply bias and 

7- The slope of the transfer curve is the gain (of an amplifier) or sen- 
sitivity (of a transducer). 
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7.3 STATIC MATCHING OF CASCADED FLUIDIC COMPONENTS 

In the preceding section, the load line method for determining the 
performance of cascaded fluidic components was introduced. In the 
illustration given (Figure 7.3) the ideal case was assumed, that is, no 
matching problems arose. In this section the more probable situation is 
covered when matching problems do arise. 

Objectives 

The objectives in properly cascading fluidic components are the following: 

1 . Providing proper gains (or functions). 

2. Matching operating bias points. 

3. Matching operating ranges. 

Let us first define each objective in more detail. 

Proper gains are, after all, what the analog circuit is usually there to 
provide. However, the designer may want primarily flow gain, considering 
pressure gain and power gain secondary. Or he may want to optimize 
pressure gain instead. 

Proper functions are usually what the digital circuit is to provide. 
However, sometimes a device may be required to fan out the signal to 
drive a number of other devices in parallel. Or the designer may want to 
provide a simple power gain alone. 

Operating bias (quiescent) points are the pressures and flows defining 
the desired conditions in the component with no signal applied. Operating 
ranges are the ranges of pressures and flows over which the component 
can be operated with good results. 

Matching a Vortex Rate Sensor and a Differential Amplifier 

Now consider the matching problem in more detail. Suppose we are given 
an existing vortex rate sensor to measure rates of turn from 10°/sec 
counterclockwise to 10°/sec clockwise. Our task is to amplify the output 
using available "off-the shelf" amplifiers. 

Vortex rate sensors are inherently low pressure, high output impedance 
devices. Typical output characteristics are shown in Figure 7.7. Althoug 
push-pull deferential circuits are to be used in this application, it i 
necessary to match the operating characteristics of each half; therefore, 
we will be concerned with single-ended characteristics in the matching 

process. , n f 

Vented jet-interaction amplifiers are available in a limited numrjei u 
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Right output pressure, psi 
Figure 7.7 Static output characteristics of vortex rate sensor. 

standard sizes. An amplifier of high input impedance is necessary to 
match the high output impedance of the rate sensor. This implies an 
amplifier with small control nozzles, therefore an amplifier of small over- 
all size. Figure 7.8, shows the input characteristics of a typical small 
jet-interaction amplifier with power nozzle 0.010 x 0.025 inches. Note 
that the preferred bias operating point is 10% of supply pressure, and the 
linear range of amplification is about ± 5% of supply pressure. 

Following the procedures for determining the operating characteristics 
of the rate sensor and amplifier when they are connected together, the 
input characteristics of the amplifier are superimposed as a load line on 
the output characteristics of the rate sensor, as shown in Figure 7.9. 

Providing Proper Gains 

Again referring to Figure 7.9, it is apparent that taking increments of rate 
of turn to plot the transfer curve yields relatively small increments of in- 
put pressure. This condition is evidently because the input characteristic 
of the amplifier is relatively steep when compared with the rate sensor 
output characteristics; that is, the impedance match is poor. 




Right input pressure, psi 
Figure 7.8 Static input characteristics of small vented jet-interaction amplifier. 
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Figure 7.9 Superposition of static characteristics of vortex rate sensor and vented jet- 
interaction amplifier. 

Now suppose it were necessary to optimize pressure sensitivity of the 
amplifier rate-sensor circuit. It is apparent that we would require an 
amplifier input characteristic with relatively low slope (high impedance) 
as illustrated in Figure 7.10. Then when increments of rate of turn were 
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Figure 7.10 Impedance matching for high static pressure gain. 
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taken to determine the resulting increments of amplifier input pressure, 
the pressure sensitivity would be vastly increased. 

Matching Operating Bias Points 

Since the preferred bias point for the amplifier does not coincide with the 
zero rate of turn curve of the rate sensor, Figure 7.9 illustrates a case of 
mismatch of the bias points. There are at least three ways to be explored 
to correct the situation. The output bias level of the rate sensor can be 
increased, as in Figure 7.1 1. Or the amplifier supply pressure can be re- 
duced, maintaining the input bias at 10% of the supply, as in Figure 7.12. 
Or the effective load line of the rate sensor can be shifted by the addition 
of restrictors in series or in parallel with the amplifier input, as in Figure 
7.13. (The latter method is obviously not suitable for correcting the type 
of mismatch illustrated in this example problem.) 

Matching Operating Ranges 

With reference to Figure 7.9, it is apparent that there is also a mismatch 
of optimum operating ranges. The rate sensor, in the situation illustrated, 
is capable of overdriving the amplifier into its nonlinear range. Again! 
there are at least three methods to be investigated for correcting the 
situation: adding series or shunt resistance in the differential circuit; 
changing the output bias of the rate sensor; and changing the amplifier 
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Figure 7.1 1 Matching operating points by raising rate sensor output bias. 
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Figure 7.12 Matching operating points by reducing amplifier supply pressure. 
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Figure 7.13 Matching operating points by adding restrictors in each side of the circuit. 
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supply pressure. Note that resistances across the differential lines will 
affect the slope and length of the differential load line but not the oper- 
ating point. (See Figure 7.14.) 

It is evident that two of these steps are also used to match the operating 
points, and therefore the effect of one upon the other must be considered 
It turns out that static matching of fluidic components is a series of com- 
promises based on a thorough understanding of their behavior. 

Matching a Digital Amplifier with Three Parallel Flip-Flops 

The same approach can be used for digital component matching. So long 
as the switching portion of the input characteristic falls within the bound- 
aries set up by the two output characteristic curves of the driving com- 
ponent, the devices are roughly matched; that is, the driving amplifier is 
capable of switching the driven amplifier. However, if it is required to get 
maximum efficiency; that is, match the range capability of the driving 
amplifier with the range capability of the driven amplifier, then it is 
necessary to match the input and output characteristic curves 

Suppose we are given the task of designing a circuit for properly match- 
ing a digital amplifier with three parallel-connected flip-flops, all of similar 
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F'gure 7.14 Matching operating ranges by adding restrictor between differential lines 
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design. The problem is to ensure that the coupled components will be 
operated in their most efficient mode. 

Typically digital amplifiers are used to raise the power level of a signal; 
therefore, they are designed to be relatively powerful devices. The output 
characteristics of an available digital amplifier are shown in Figure 7.15. 
Note that this amplifier is designed to work well with a below-atmospheric 
pressure at the output port, as indicated by the "off" characteristic curve 
in the negative-pressure region. 

Fluidic flip-flops are made in a wide range of sizes and most are based 
on the wall-attachment operating principle. Because in this application 
they are to be used as logic devices only, so we will choose a very small 
unit and minimize the power consumption of the circuit. The input char- 
acteristics are shown in Figure 7.16. 

Note that this curve was taken with the bias at zero gage pressure 
(atmospheric). Increasing the bias pressure within reasonable limits 
simply shifts the curve upward and to the right. 

Following the procedures for determining the characteristics of the 
digital amplifier driving the three parallel flip-flops, the input characteris- 
tics are superimposed onto the output characteristics of the digital am- 
plifier as shown in Figure 7. 17. Note that the effective load on the digital 
amplifier is made up of the individual input characteristics of the three 
parallel-connected flip-flops, essentially just J of the impedance of one, 
determined graphically by tripling the flow of one unit at every pressure 
level. 
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Figure 7.15 Static output characteristics of available digital amplifier. 
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Figure 7.16 Static input characteristics of small flip-flop. 



Matching Operating Bias Points 

Since the switching limits of the flip-flops are not symmetrically located 
with respect to the output limits of the digital amplifier Figure 7.17 rep- 
resents a case of a mismatch of bias points. There are at least three ways 
to be explored to correct this mismatch. The output bias level of the digi- 
tal amplifier could be reduced by reducing the supply pressure to it as 
shown in Figure 7. 1 8. (This is obviously not a solution to the problem.) 
The input bias level of the flip-flops could be raised by raising the pressure 
on the opposite control nozzle as shown in Figure 7.19. Or the effective 
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Figure 7.18 Matching operating points by reducing digital amplifier supply pressure. 

load on the digital amplifier could be increased by adding restrictors as 
shown in Figure 7.20. 

Matching Operating Ranges 

Since the switch points of the flip-flops do not coincide with the output 
limits of the digital amplifier. Figure 7.17 also illustrates a mismatch of 
operating ranges. The amplifier, as shown, is capable of overdriving the 
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Figure 7.19 Matching operating points by raising flip-flop bias pressure. 
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Figure 7.20 Matching operating points by adding restrictors. 

flip-flops, seriously affecting the speed of response of the circuit Again 
there are three ways to be explored for correcting the mismatch: (I) 
decreasing the supply pressure to the digital amplifier, (2) increasing the 
supply pressure to the flip-flops, and (3) adding series or shunt restrictors 
as illustrated in Figure 7.2 1 . 

Again it is clear that matching operating points and operating ranges of 
digital components also involves a series of compromises based on a 
thorough understanding of their behavior. 
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F 'gure 7.21 Matching operating ranges by proper selection of series and shunt restrictors. 
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Procedure for Matching 

To properly match fluidic components for optimum performance, it i s 
necessary to do the following: 

1 . Provide proper gain (or function). 

2. Match operating bias points. 

3. Match operating ranges. 

The procedure for doing this is as follows: 

1. Obtain a plot of the output of the driving component with preferred 
operating bias points and operating ranges marked. 

2 Choose a driven component whose input characteristics have a slope 
(impedance) that will optimize the gain variable of interest (pressure, 

flow, or power). . 

3. Match operating bias points by adjusting output pressure levels, 
changing supply pressures, or connecting passive restrictors in series or 
in parallel with the single-ended circuit. 

4 Match operating ranges by changing supply pressures, adjusting 
bias points, or connecting passive restrictors in series or in parallel with 
the differential circuit. 



Equivalent Circuits for Typical Fluidic 
Devices 



Graphic methods of performance analysis are truly general, and if com- 
plete data are available, they are valid in all situations. However, for 
small signals, the reading of graphs becomes inaccurate. In this case a 
more exact and convenient method of calculating performance is by lin- 
earizing parameters around the operating bias point and employing them 
in an equivalent electrical circuit. This approach is widely used in all 
forms of engineering analysis, including electronics, acoustics, pneu- 
matics, hydraulics, and mechanics. Therefore, by applying this approach 
in fluidics, all the mathematical tools developed for those forms over 
so many years can also be used to advantage in the analysis of fluidic 
systems. 

In digital circuit analysis, the equivalent electric circuit is also of value, 
in spite of the fact that linearizing and lumping parameters for such 
large-signal excursions represents gross oversimplification. Specifically 
the electrical circuit is of value to the digital circuit designer in providing 
considerable insight into the dynamics of the circuit and in providing the 
basis for a rough estimate of transient response. 

81 ANALOG FLUIDIC AMPLIFIERS 

The process of developing an equivalent electrical circuit for a fluidic 
component can be a difficult analytical task. Fortunately, useful mathe- 
matical models can also be developed through a process of logic and 
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validated through comprehensive experimental tests. To date, this ha 
been the only known approach that has produced useful results fRef. 
2 and 3). v 

As an illustration of the approach, we will consider the case of the 
vented jet-interaction amplifier in some detail. Mainly by a process of 
togic, a dnect lumped model of the amplifier can be fabricated as shown in 
Figure .8.1 using Z to represent fluid impedance. Each element in the 
cncuit represents a measurable fluid phenomenon in the amplifier an H 
each is nonlinear. If each nonlinearity were fully described the circuit 
could be used for large-signal performance analysis. However because 
they have not yet been fully described, the circuit of Figure 8 1 is m ost 
useful for the insight it provides into the factors involved in cascading 
amplifiers and as the basis for deriving the simplified linearized equivalent 
circuit for small-signal performance analysis. 

The general layout is directly analogous to the actual device The power 
supply is a pressure source developing pressure P s and having an internal 
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Figure 8.1 Lumped electrical model for vented jet-interaction amplifier. 
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Subtracting eq. 5 from 4 to eliminate steady conditions and assuming 
AP cL = AP cR = AP C and AQ cL = AQ cR = AQ C and Z cL = Z cR = Z c 
we have 

2AP C = 2AQ C Z C (6) 

If we define the differential pressure P cd = 2AP C , then equation 6 ex- 
presses the conditions in an electrical circuit with a generator of P cd and 
an impedance 2Z C . 

Thus the linearized incremental equivalent circuit can be drawn as illus- 
trated in Figure 8.2. Note that the equivalent circuit eliminates bias 
conditions, supply pressure, and, in this case, bleed impedance. Note 
also that the equivalent circuit elements are now treated as constants, 
calculated for incremental changes around the operating bias point. The 
load circuit equivalent generator (representing pure amplifier gain) is 
represented by 2K P ; the impedance in series with the output is 2Z 0 and the 
effective load impedance between output ports is 2Z L . The input circuit, 
neglecting any impedance in the line leading to the control nozzles, is 
represented as a shunt impedance 2Z C . 

The equivalent circuit of Figure 8.2 is valid for small-signal analysis at 
low frequencies, providing that the impedances are properly defined at 
the frequencies of interest. If only the "resistive" components of the 
impedance are used, the circuit is good for the static case only. 

Equivalent Circuit for a Vented Jet-Interaction Amplifier (Refs. 4 and 5) 

At higher frequencies where resistive elements no longer satisfactorily 
describe the behavior, the time delays due to transit time, wave propaga- 
tion, and the presence of "reactive" circuit elements (like volume 
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Figure 8.2 Linearized small-signal equivalent circuit for vented jet-interaction amplifier 
(valid for static and low frequency cases). 
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capacitance) must be considered. Figure 8.3 defines the equivalent elec- 
trical circuit for higher frequencies. The element in series with the input 
circuit 2L C is due to inertance in the line to the control nozzle The shunt 
elements 2R C and CJ2 are effective control nozzle resistance and volume 
capacitance of the control line. The equivalent generator 2K P contains a 
delay factor (*-«,) which includes wave propagation and transit times in 
the total path from the control port to the load terminals. The output 
circuit contains a series inductor 2L 0 and resistor 2R 0 and a shunt volume 
capacitor CJ2. If the lines to the load are short, the load volume capaci- 
tance CJ2 is directly parallel with the amplifier capacitance, and the load 
resistance 2R L parallels both. The transfer function for this amplifier is 
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The overall high-frequency transfer function from Figure 8 3 contains 
an attenuation due to the output circuit resistor network, a gain factor 
equal to twice the amplification factor, the time delay, and quadratic 
factors resulting from the combination of time constants in the input 
and output networks. 

The equivalent circuit for the vented jet-interaction amplifier has been 
proven by experiment to be valid to frequencies above 400 Hz. 

Equivalent Circuit for a Closed Jet-Interaction Amplifier (Ref. 3) 

The equivalent circuit for the closed jet-interaction amplifier is shown in 
figure 8.4. It is similar to the circuit for the vented amplifier except that 
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Figure 8.3 Equivalent circuit for vented jet-interaction amplifier valid to 400 Hz. 
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Figure 8.4 Equivalent circuit for closed jet-interaction amplifier valid to 400 Hz. 

it includes an internal feedback loop. The feedback loop is present as a 
result of the backup of output pressures into the interaction chamber, 
where they act to reduce the gain of the amplifier circuit. The transfer 
function for this amplifier is 
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The equivalent circuit for the closed jet-interaction amplifier has been 
validated by experiment to frequencies above 400 Hz. 



Equivalent Circuit for Vented Elbow Amplifier (Ref. 3) 

The equivalent circuit for a typical vented elbow amplifier is shown in 
Figure 8.5. Note that this amplifier is essentially a flow amplifier; hence, 
the equivalent generator is a flow generator. Otherwise, the circuit is 
similar in form to the jet-interaction amplifier circuits. The transfer func- 
tion for this amplifier is 
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Figure 8.5 Equivalent circuit for vented elbow amplifier valid to 400 Hz. 



The equivalent circuit for the vented elbow amplifier has been validated 
by experiment to frequencies above 400 Hz. 



8.2 DIGITAL FLUIDIC AMPLIFIERS 



Equivalent Circuit for Vented Wall- Attachment Amplifier 

The equivalent circuit for digital vented wall-attachment amplifier is 
shown in Figure 8.6. The element in series with the input circuit is the 
effective inductance 2L C due to inertance in the line. The shunt elements 
2R C and C c /2 are the effective control nozzle resistance and the effective 
volume capacitance. These elements are at least double-valued, depend- 
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Figure 8.6 Equivalent circuit for vented wall-attachment amplifier. 
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[no on the state of the output circuit. Therefore there is a feedback loop 
that contains some dynamics due to conditions in the interaction region, 
which switches the effective input impedances to different values when 
the power stream switches from one wall to the other. 

The equivalent generator 2K P is effectively a pressure switch triggered 
at a level determined by feedback-controlled reference diodes. It con- 
tains a delay factor (<?-"<?) that includes wave propagation and transit times 
in the total path from the control port to the output ports. The output 
circuit is similar to the one for the proportional amplifier, containing series 
inductance, shunt capacitance, and series resistance. If the loads are 
closely coupled the load impedances are directly in parallel with the 
amplifier capacitance. 

The dynamic response contains a nonlinear second-order term due to 
the input circuit, a time delay due to transit time, and a "linear" second- 
order term due to the output circuit. 



8.3 FLUIDIC SENSORS 



Equivalent Circuit for a Vortex Rate Sensor (Refs. 2 and 4) 

The equivalent circuit for a typical vortex rate sensor is shown in Figure 
8.7. The rate of turn drives an equivalent generator containing the sensi- 
tivity factor. In the process it is subject to a time delay due to the time 
that it takes for the angular momentum at the rim to be transported 
through the vortex to the pickup in the drain tube. The resulting pressure 
signal is then applied to an output circuit containing the same arrangement 
of elements that appear in the amplifier output circuits. The transfer 
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Figure 8.7 Equivalent circuit for vortex rate sensor. 
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function for the vortex rate sensor is 

P od _ 2K m R L 

co R n + R L ( 2C,R 0 R L I, \ ,2C t L n R L 
' TS \R 0 + R L ^R 0 + R,J^ S R„ + R L 



8.4 ACTUATORS 

Equivalent Circuit for a Piston- Type Actuator 

The equivalent electrical circuit for a typical piston-type (or bellows- 
type) actuator is shown in Figure 8.8. Pressure applied to the actuator 
causes flow in the equivalent capacitor because of compressibility, and 
flow through the leakage resistance (if present). A reduced pressure is 
also applied to a series network containing the reflected acceleration, 
velocity, and position characteristics of the load. All of these flows must 
be conducted through the internal resistance of the actuator and its 
associated connections that limit the maximum available velocity and 
acceleration of the actuator-load combination (Ref. 7). 



Equivalent Circuit for Piston-Type and Vane-Type Motors 

The equivalent circuit for a typical piston-type or vane-type motor is 
shown in Figure 8.9. Pressure applied to the motor causes flow due to 
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Figure 8.8 Equivalent circuit for piston-type actuator. 
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Figure 8.9 Equivalent circuit for piston-type and vane-type fluid motors. 

compressibility of the trapped fluid and due to leakage (which is consider- 
able in the vane-type motor). A reduced pressure is also applied to a 
series network containing the reflected acceleration and velocity charac- 
teristics of the load. (The resulting flows through the internal resistance 
of the motor and its associated connections cause a pressure drop that 
limits the top speed and acceleration of the motor and its load.) 
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When fluidic components are cascaded (i.e., one becomes the load on the 
other), their equivalent electrical circuits will be cascaded in a similar way 
Figure 9 . illustrates the connection of a vented jet-interaction amplifier 
to the output of a vortex rate sensor for the purpose of amplifying the 
signal. The cascading of the equivalent circuits simply involves the con- 
nection of the output terminals of the rate sensor circuit (Figure 8 7) to 
the input terminals of the amplifier (Figure 8.3). Note that in the intercon- 
necting lines we have added a resistance R, to represent any additional 
resistance due to unusual line lengths. 

flVc E co™nen?s THE TRANSFER FUNCTION for cascaded 

Solves V tt° n t ° f 1 t tranSfC : fUnCti ° n f ° r thC CaSCaded fluidic components 
bv wellV stra >8»forwanl analysis of the equivalent electrical circuits 
^ well-known mathematical methods (Ref. 12). Specifically, it involves 
he loop analysis of each set of coupled circuits using the Lap ace trans 

tn~nr'tnT 

colonen tZ T reSP ° nSe ° f the cascaded fluidic 

CaTpt' Pr ° C ^ 15 Pe,haPS b6St commu «-ated by means of 

arravoff 6r ^ iUustrated in Fi g^e 9. 1 . We must first generate the 

^ray of loop equations in the form of 

Pi = ZuQi+Z n Q 2 +Z lz Q 3 
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Figure 9.1 Cascading equivalent circuits for vortex rate sensor and vented jet-interaction 
amplifier. 

P 2 = Z 21 Qi+ZnQ 2 + ZwQs 

In this case we have only two coupled loops: those involving Q, and Q,_. 
From these we are to derive the transfer function for the first coupled sec- 
tion Pja. The loop equations, assuming zero initial conditions, are 



0 ^(£) ( - ei)+ fe + 2SL< - + 2/?1 + 



4Rc 

SC C 



(Qz 



2R C + 



sC c ' 



Solving for Q-, by determinants, we have 

2 



2R to +2sL 0> + 



sC c 



2K a e- st u,w 
0 



D 



where 



D 



2R„ > + 2sL <0 + 



sC, 



sCo, 



4Rc 

sCr 
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Then 



K a e st a>(o 



sC„ 



sCJ sC, 



-+sL c + R 1 + - 



Rc_ 



R r + 



sC„ 



sC c 



For simplicity in the algebraic solution for Q 2 , let us assume that all the 
inductances L a , L e , and L 0 are negligible. One should keep in mind the fact 
that we can reintroduce these terms into the solution whenever desired 
simply by adding the appropriate sL term to each of the associated R 
terms. 



Then 



R«, + - 



sCJ I sC, 



■+/?!+- 



Rc_ 

SC C 



Rr 



1 

~sC c ' 



We are attempting to define the transfer function for PJ« as a first step, 

Pca=Q-z SCc 



R c + 



1 

sC r 



Substituting the equation for Q 2 gives 



2K„, 



sC„ 



sC r 
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sC r 



sC c 



sC« 



sC r 



Th 



p expression then is reduced algebraically to 



K a e~ st <oR r 



(R a + Ri + R e 



sC c R r 



Ro, + Ri + R ( 



+ sC„R r , 



Ri + Rc 



R^ + Rt + Rc 



+ 1 
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This defines the transfer function for the first section of the equivalent 
circuit involving the coupled rate sensor output and amplifier input circuits. 

The second section of the complete equivalent circuit involving the flow 
Q 0 is described by the following two equations. 

K p e- st «P cd 

Qa = 



sL 0 + R 0 + 



Ik. 

sC t 



R ^ t 



and 



Pod — Qo 



2Rl 

sCj_ 



Combining gives 



K v e- st oP cd 



sCt 



R ' + ^ t 



"" ~ Rl 
sC t 



sL n + R„ + 



Again neglecting L 0 for simplicity, 

Rl 
sC t 



2K„e- st o- 



Pm = s Sl 

Pea Ek. 

sCj 



R„ + 



R ' + ^ t 

This expression is reduced algebraically to 

P od _ 2K u e-^R L I c RqRl + i 



P ed " R„ + R,, V^Ro + Rl I 
Now we have the transfer functions Pjm and PjP ed . We want the over- 
all transfer function P od lo). But 

Pod _ Red y P° d 
CO CO P c d 



Tl 
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Then 

Pod = ^K a e-^R c K p e- st oR L 
o> (R a + Ri + R C )(R 0 + R L ) 



\r 0 +rJ 



+ 



S2C « R « CcRc {R„ + R t +R, 



Ri 



+ sC c Rc(- D R °' +R < 

'[r^+r.+r, 



+ sC l „R r , 



Ri + Rc 



i + l 



describes the small-signal static and dynamic behavior of the cascaded rate 
sensor and amplifier. To calculate the behavior in numerical form it will 
first be necessary to evaluate each of the equivalent circuit parameters 
contained in the above transfer function. 



9.2 CALCULATION OF EQUIVALENT CIRCUIT PARAMETERS 



Vortex Rate Sensor 

The performance parameters for the vortex rate sensor are calculated from 
the graphical output characteristics and the circuit dimensions at the oper- 
ating point. Starting with the combined rate sensor-amplifier static char- 
acterises as shown in Figure 9.2, it is possible to define the operating bias 
point at P x Q y . From here we can proceed with the calculation of circuit 
parameters. 



Output resistance 
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Output pressure, psi 



^rtex me se!sor Va ' em ^ defined from static output charactenst.es of 
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Sensitivity Factor K„. The sensitivity factor is calculated from the hori- 
zontal spacing between rate sensor output characteristics at the operating 
bias point (see Figure 9.2). 

Time Delay t . The time delay of the rate sensor is calculated^ from the 
dimensions of the rate sensor and output circuit and the flow and pressure 
conditions at the operating point. It can also be measured directly. 

Output Resistance R a . The output resistance is calculated from the slope 
of the zero signal output characteristic curve at the operating point (see 
Figure 9.2). 

Output Inductance L a . The output inductance of the rate sensor is calcu- 
lated from the density at the operating point and the d.mensions of the 
output circuit. 

Output Capacitance C a . The output capacitance of the rate sensor is cal- 
culated from the dimensions of the output circuit and the pressure at the 
operating point. 

Amplifier 

The parameters in the amplifier input circuit are calculated from the 
graphical characteristics that define the conditions in the coupled rate 
sensor output-amplifier input circuits (see Figure 9 3). parameters 
in the amplifier output circuit are calculated from the graphical charac- 
teristics that define the conditions in the amplifier output circuit with the 
resistance R L as a load line. 




Control pressure, psi 

Figure 9.3 Equivalent circuit parameters defined from Static input characteristics of 
jet-interaction amplifier. 
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Input Inductance L c . The input inductance of the amplifier is calculated 
from the dimensions of the input circuit and the control operating point 
pressure. 

Input Resistance R c . The input resistance of the amplifier is calculated 
from the slope of the input characteristic at the operating point (see Figure 
9.3). 

Input Capacitance C c . The input capacitance of the amplifier is calcu- 
lated from the dimensions of the input circuit and the control pressure at 
the operating point. 

Line Resistance J? x . The line resistance in the input circuit is calculated 
from the line dimensions and the pressure and flow conditions at the oper- 
ating point by using standard formulae or measuring as described in Chap- 
ter 5. 

Amplification Factor K p . The pressure amplification factor is calculated 
from the horizontal spacing between curves of the amplifier output char- 
acteristics at the operating point (see Figure 9.4). 

Time Delay t 0 . The amplifier time delay is calculated from the dimensions 
of the amplifier circuits and the pressure and flow conditions at the oper- 
ating point. It can also be measured directly. 

Output Resistance R 0 . The amplifier output resistance is calculated from 
the slope of the zero signal output characteristic at the operating point 
(see Figure 9.4). 



Output resistance 



0.3 



j= 0.2 

o 

I/) 



0 



/ R o = T7T p co Constant 

/ a **o 




/ Ampli 


ication factor 
Q 0 Constant 

i 






\\\ 








Load resistance 

APl 
Rl = — — 







2 4 6 

Output pressure, psi 



Figure 9.4 Equivalent circuit parameters defined from static output characteristics of 
amplifier. 
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Output Inductance L 0 . The amplifier output inductance is calculated 
from the amplifier output circuit dimensions and the density at the oper- 
ating point. 

Output Capacitance C t . The output capacitance of the amplifier and its 
load circuit is calculated from the dimensions of the amplifier and load 
circuits and the pressure at the operating point. 

Load Resistance R L . The load resistance on the amplifier is calculated 
from the slope of the load line (load restrictor characteristic) at the oper- 
ating point (see Figure 9.4). 



9.3 CALCULATION OF FREQUENCY RESPONSE 



Substitution of the Variable 

To calculate the frequency response of cascaded fluidic components, we 
must first generate the coupled equivalent circuit, derive the transfer func- 
tion, calculate the performance parameters, and substitute them into the 
transfer function. The result would be a numerical equivalent of the trans- 
fer function containing the Laplace transform variable, s, typically as 
follows: 

p e -o.ois 

if = °- 05 (8 x 10" 6 5 2 + 5 x lfr 3 s + 1) (2 x 10- 3 s + 1 ) 



With reference to Chestnut and Mayer, Servomechanisms and Regulating 
System Design, Vol. I, one of the properties of the Laplace transform is 
direct conversion into the frequency plane. That is, the frequency char- 
acteristics of the transfer function above can be determined simply by 
substituting the variable jlirf for the Laplace transform variable s. The 
factor 2tt/ is the radian frequency, andj = V—l. 

Therefore, to determine the frequency response of the above transfer 
function defining the behavior of the cascaded vortex rate sensor and 
amplifier, we substitute jlirf for s (except in the delay factor e 0 01s ). 



p e -0.01.v 

„ = °- 05 (-3.2X io-y 2 +j3.i x iFjhJU x W*f+T) 

Now the calculation must be separated into two parts, one involving the 
linear system response and one involving the time delay (which we wu 
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consider a nonlinear system response); schematically, 

< linear ) (nonlinear) 



oil . 



0.05 



« (1-3.2 X Wrf+jS.l X 10- 2 /) 0*1.3 X 10-*/+ 1) e 

Calculation of Linear Response 

For the purpose of illustration, let us calculate the response of the cas- 
caded rate sensor and amplifier at a frequency of 1 00 Hz. 

In the linear portion of the transfer function, the frequency is substi- 
tuted directly: 

Poa = 0,05 

<» (1 -3.2X 10- 4 x 10 4 +j3.1 x 10" 2 x 10 2 )Ol.3x 10" 2 x 10 2 + 1) 

Poa = 0^05 

w (-2.2+j3.1)OT.3 + l) 

Converting the complex numbers to vectors, 

Pm _ 0.05 0.05 



co 3.8 /124° X 1.6/39° 6.1/163° 
^ = 0.008 /- 163° at 100 Hz 

CO 



and converting to decibels, 

'■ = -A2db I- 163° at 100 Hz. 



to 



Calculation of the Response to Time Delay 

The factor e^ Ms in the transfer function of the cascaded rate sensor 
and amplifier represents a dead-time delay: a nonlinear condition. 
Fortunately, its effect on frequency response is not difficult to analyze. 

Consider the illustration of Figure 9.5. It is evident that the effect of 
dead time is to delay the sine wave a fixed time without affecting the am- 
plitude. However, it is also to be recognized that a fixed delay time repre- 
sents a different phase shift (in terms of number of degrees), depending on 
the frequency of the sine wave. In fact, it turns out that the effective phase 
shift in degrees is a linear function of frequency; that is, 

6 = - 360 ft d degrees 
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Figure 9.5 Effect of dead time on sinusoidal response. 

which is logical because if the frequency is 1 Hz and the time delay is 1 
sec, the wave would appear to be shifted 360°. 

Thus, with the given time delay of 0.01 sec, the effective phase shift at 
100 Hz is 

0 = - 360 x 100X0.01 



0 = -36O° 




The Total Frequency Response 

Considering the response to both the linear and the nonlinear portions of 
the transfer function, the value of the complete transfer function is the 
direct cascade of the response of each alone. That is, 

~ = - 42db /-163° /-360° 

^ = -42^ 7-523° at 100 Hz. 

Other values of frequency are inserted into the transfer function to calcu- 
late the linear response, and the nonlinear response, which combine to 
give the total response at each point. The results are plotted as a Bode 
diagram in Figure 9.6. 
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Detailed Systems Design Procedure 



Refer to the appropriate chapter in this book for information related to 
each of the items of the following. 

10.1 REQUIRED INFORMATION 

1 . Performance specification for the system. 

2. Characteristics of available supplies, signal sources, and driven loads. 

3. Static characteristics on available fluidic and interface system com- 
ponents (input, output, and power nozzle). 

4. Internal dimensional characteristics of available fluidic and interface 
system components (effective volumes, lengths, and areas). 

10.2 STEP-BY-STEP DESIGN 

1 . Choose final control element suitable for driving the given load (actu- 
ator, indicator). The choice is a function of the available supply, the re- 
quired force and velocity levels, and the function to be performed. 

2. Determine its input characteristics (pressure, flow, volume, compli- 
ance). This includes the static characteristics, the physical dimensions, 
and the reflected dynamics of the load. , 

3. Choose a sensor suitable for detecting the input variable (sensitivity, 
signal-to-noise ratio). In some cases the input variable may be given as a 
part of the system specifications. 

4. Determine its output characteristics (static characteristics, eftectiv 
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volumes, lengths, time delay). When the input variable is specified, the 
static loading characteristics and the physical dimensions must also be 
specified. 

5. Block out the system between sensor (input) and final control ele- 
ment (output) with appropriate functional components (impedance level, 
pressure gain, power capacity, speed of response, compensation, compu- 
tation). 

6. Tentatively choose fluidic devices with the potential for satisfying the 
functional requirements of the system. Where standard devices are avail- 
able, they should be used; where standard devices are not available, their 
characteristics must be defined. 

7. Explore the operating bias point matching problem by superimposing 
the input characteristics of each driven component onto the output char- 
acteristics of each driving component. The operating bias point is at the 
intersection of the zero control parameter curve with the effective load 
line. 

8. Explore the matching of preferred operating ranges using the same 
superimposed characteristics. Matching operating ranges is in some ways 
similar to the operating bias point matching problem, except restrictors 
can now be connected across the differential circuit without affecting the 
bias point. 

9. Make the operating bias points coincide and the operating ranges 
compatible by suitable tradeoffs and adjustments (supply pressure, bias 
level, shunt, and series resistances). 

10. Calculate the transfer (or switching) curves of the system in steps 
beginning from the sensor and including required matched gain stages as 
needed to provide the necessary signal level at the final control element. 

11. Investigate and correct for tendencies toward nonlinearity, satura- 
tion, and inefficient use of operating ranges. 

12. Select the appropriate equivalent electrical circuit for each compon- 
ent of the system. 

13. Prepare an equivalent electrical circuit of the entire coupled system. 

14. Derive or estimate the transfer function of each isolated portion of 
the system equivalent circuit. 

15. Cascade the partial system transfer functions to generate the trans- 
fer function of the entire system. 

16. Calculate the equivalent circuit performance parameters from static 
characteristics and pressures and flows at the operating bias points com- 
bined with effective dimensions of the components and their interconnec- 
tions. 

17. Substitute the calculated performance parameters in the transfer 
functions. 
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18. Calculate the analog system frequency response-estimate digital 
system transient response. 

19. Compare the calculated response with the required performance 
specification. 

20. Investigate individual component transfer functions and make the 
changes necessary to correct for deviations from desired performance. 

2 1 . Finalize preliminary design and calculate performance. 

22. Generate a listing of factors important to achieving design goals 
(short small lines, symmetry, isolated supplies, adequate vents). 



10.3 DESIGN CHECK LIST 

A design check list is given below for the convenience of the system de- 
signer who is intimately familiar with the detailed design procedure. 

1 . Choose final control element (output). 

2. Determine its input characteristics. 

3. Choose suitable sensor (input). 

4. Determine its output characteristics. 

5. Block out system. 

6. Choose fluidic devices. 

7. Superimpose mating characteristics. 

8. Explore matching problems. 

9. Make operating points and ranges coincide. 

10. Calculate transfer curves. 

11. Investigate nonlinearities. 

1 2. Develop equivalent circuits for components. 

1 3 . Prepare equivalent circuit for system. 

1 4. Derive transfer functions of isolated networks. 

1 5 . Generate transfer function of system. 

1 6. Calculate equivalent circuit parameters. 

1 7. Substitute into transfer function. 

1 8. Calculate system response. 

19. Compare with specifications. 

20. Make necessary changes. 

21. Finalize design. 

22. Generate list of critical factors. 



Appendix A 
Applicable Standards 



A.1 TERMINOLOGY 



General 

Fluidics. The general field of fluid 
devices or systems performing sens- 
ing, logic, amplification, and con- 
trol functions employing primarily 
no-moving-part (flueric) devices. 

Flueric. An adjective applied in 
some quarters to fluidic devices and 
systems performing sensing, logic, 
amplification, and control func- 
tions using no moving mechanical 
elements. 

Elements. The general class of 
devices in their simplest form used 
to make up fluidic components and 
circuits; for example, fluidic re- 
stnctors and capacitors. These are 
the "least common denominators" 
of the fluidics technology. 
*Fro m Ref. l . 



Components. Fluidic devices that 
are interconnected with elements 
to form working circuits; for ex- 
ample, a proportional amplifier or 
an OR-NOR logic gate. 

Analog. The general class of de- 
vices or circuits whose output is 
utilized as a continuous function of 
its input; for example, a propor- 
tional amplifier. 

Digital. The general class of de- 
vices or circuits whose output is 
utilized as a discontinuous func- 
tion of its input, for example, a bi- 
stable amplifier. 

Active. The general class of de- 
vices that control power from a 
separate supply. 
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Passive. The general class of de- 
vices that operate on the signal 
power alone. 

Bias (Quiescent) Point. The point 
on its static pressure-flow charac- 
teristics at which an element or 
component will be at equilibrium 
in a circuit with no signal applied. 

Operating Range. The maximum 
range of signal over which an ele- 
ment or component is recommended 
for operation in a circuit. In an am- 
plifier it is normally limited to the 
range where the gain can be con- 
sidered linear. 

Impedance. An effective restric- 
tion in the flow path. 

Loading. Loading of a component 
is related to the output flow de- 
manded from it in a circuit. For ex- 
ample, an amplifier is unloaded 
when it has an infinite impedance 
connected to its output port 
(blocked). 

Amplifiers 

Amplifier. An active fluidic com- 
ponent whose output signal is 
greater than its input signal. 

Pressure Amplifier. A component 
designed specifically for ampli- 
fying pressure signals. 

Flow Amplifier. A component 
designed specifically for ampli- 
fying flow signals. 

Power Amplifier. A component 
designed specifically for amplifying 
power signals. 



Vented versus Closed Amplifier. A 
vented amplifier utilizes auxiliary 
ports to establish a reference pres- 
sure in a particular region of the 
amplifier geometry; a closed ampli- 
fier has no communication with an 
independent reference. Terminol- 
ogy for the geometry is defined in 
Figures A. 1 and A. 2. 

Jet-Interaction Amplifier. An am- 
plifier that utilizes control jets to 
deflect a power jet and to modu- 
late the output. Usually employed 
as an analog amplifier. Terminology 
for the geometry is defined in Fig- 
ure A. 1 . 

Wall-Attachment Amplifier. An 
amplifier that utilizes control of the 
attachment of a free jet to a wall 
(Coanda effect) to modulate the 
output. Usually employed as a 
digital amplifier. Terminology for 
the geometry is defined in Figure 
A.3. 

Vortex Amplifier. An amplifier 
that utilizes the pressure drop ac- 
ross a controlled vortex for modu- 
lating the output. Terminology for 
the geometry is defined in Figure 
A.4. 

Boundary-Layer-Control Ampli- 
fier. An amplifier that utilizes the 
control of the separation point of a 
power stream from a curved or 
plane surface to modulate the out- 
put. Terminology for the geometry 
is defined in Figure A.5. 

Turbulence Amplifier. An ampli- 
fier that utilizes control of the lam- 
inar-to-turbulent transition of a 
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Figure A.l Vented jet-interaction amplifier. 
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Figure A.2 Closed jet-interaction amplifier. 



160 Applicable Standards 



Output port 



Attachment 
wall 



Power nozzle 



Supply port 




Receiver 

Splitter 

Interaction 
region 

Control port 



Figure A.3 Wall-attachment amplifier. 



power jet to modulate the output. 
Terminology for the geometry is 
defined in Figure A. 6. 

Axisymmetric Focused-Jet Ampli- 
fier. An amplifier that utilizes con- 
trol of the attachment of an annular 
jet to an axisymmetric flow separa- 



tor (i.e., control of the focus of the 
jet) to modulate the output. Usually 
employed as a digital amplifier. 
Terminology is defined in Figure 
A.7. 

Impact Modulator. An amplifier 
that utilizes the control of the in- 
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Figure A.4 Vortex amplifier. 



Terminology 




Figure A.S Boundary-layer-control amplifier (vents optional). 




Figure A.6 Turbulence amplifier. 
Output ducts 




Control ducts 
Figure A.7 Axisymmetric focused-jet amplifier. 
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tensity of two directly opposed, 
impacting power jets, thereby con- 
trolling the position of the impact 
plane to modulate the output. Ter- 
minology is denned in Figure A. 8. 

Sensors 

Sensor. A component that, in 
general, senses variables and pro- 
duces a signal in a medium compat- 
ible with fluidic devices, for 
example, a temperature or angular 
rate sensor. 

Transducers 

Transducer. A component that, 
in general, converts a signal from 
one medium to an equivalent sig- 
nal in a second medium, one of 
which is compatible with fluidic 
devices. 

Actuators 

Actuator. A component that, in 
general, converts a fluidic signal 
into an equivalent mechanical out- 
put. 

Displays 

Display. A component that, in 
general, converts a fluidic signal 
into an equivalent visual output. 



Logic Devices 

Logic Device. The general cate- 
gory of digital fluidic components 
that perform logic functions; for 
example, AND, OR, NOR, and 
NAND. They can gate or inhibit 
signal transmission with the appli- 
cation, removal or other combina- 
tions of input signals. 

Flip-Flop. A digital component 
or circuit with two stable states 
and sufficient hysteresis so that it 
has "memory." Its state is changed 
with an input pulse; a continuous 
input signal is not necessary for it 
to remain in a given state. 

Circuit Elements 

Impedance. A passive fluidic ele- 
ment that requires a pressure drop 
to establish a flow through it. Trans- 
fer function may have real and 
imaginary parts. 

Resistor. Passive fluidic element 
that, because of viscous losses, 
produces a pressure drop as a func- 
tion of the flow through it and has a 
transfer function of essentially real 
components (i.e., negligible phase 
shift) over the frequency range of 
interest. 
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Figure A.8 Impact modulator. 
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Capacitor. A passive fluidic ele- 
ment that, because of fluid com- 
pressibility, produces a pressure 
that lags flow into it by essentially 
90°. 

A.2 NOMENCLATURE AND UNITS 
Basic Quantities 

The quantities listed below are general; specific quantities should be 
identified by subscripts (e.g., P o2 would be pressure at port 02). 



Units 



Quantity 


Nomen 
cloture 


- 

Standard 


SI 


lengin 


I 


inch; in. 


meter; m 


force 


f 


nniinrl • IK 
]JUU11U, lu 


newton; N 


mass 


m 


lb-sec 2 /in. 


kilogram; kg 


time 


t 


seconds; sec 


seconds; sec 


angle 




degrees; ° 


radians; rad 


frequency 


f 


hertz; Hz 


hertz; Hz 


area 


A 


in. 2 


m 2 


acceleration 


a 


in./sec 2 


m/sec 2 


temperature, static 


T 


degrees Rankine; 


degrees Kelvin; °K 


velocity, angular 


Q) 


°R 

deg/sec;°/sec 


rad/sec 


acceleration, angular 


a 


deg/sec 2 ;°/sec 2 


rad/sec 2 


volume 


V 


in. 3 


m 3 


flow rate 


Q 


in. 3 /sec (standard 


m 3 /sec 






conditions); or 


(standard conditions) 






scfm 




velocity 


V 


in./sec 


m/sec 


Pressure, general 


p 


lb/in. 2 ; or psi 


N/m 2 


Pressure, absolute 


p a 


psia 


N/m 2 


Pressure, gage or drop 


Po 


psig 


N/m 2 


fluid impedance 


Z 


b sec/in. 5 


Nsec/m 5 


fluid resistance 


R 


b sec/in. 5 


Nsec/m 5 


fluid capacitance 


C 


n. 5 /lb 


m 5 /N 


fluid inductance 


L 


b sec 2 /in. 5 


Nsec/m 5 



Inductor. A passive fluidic 
element that, because of fluid 
inertance, has a pressure drop that 
leads flow by essentially 90°. 
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TABLE Contd 



Quantity 



Nomen-- 
clature 



Standard 



U nits 



SI 



Laplace operator s 

pressure gain, incremental G„ 

flow gain, incremental G f 

power gain, incremental G „ 

signal-to-noise ratio SIN 



1/sec 



per sec 

dimensionless 
dimensionless 
dimensionless 
dimensionless 



General Subscripts 

control c 

output o 

supply s 

control bias co 

control differential cd 

output differential od 



A.3 GRAPHICAL SYMBOLOGY 

It has been recognized that fluidic symbols were required to satisfy two 
basic needs. The first was the need of the system designer interested pri- 
marily in the function of the device. The second was the circuit designer 
interested primarily in the operating principle of the device. 

Following is an integrated set of symbology that satisfies both require- 
ments. Functions of the devices are defined by symbols enclosed within 
square envelopes. Operating principles of the devices are defined by sym- 
bols enclosed within round envelopes. The difference in envelopes is 
specifically intended to emphasize the difference in purpose of the symbols 
as shown below: 




Functional Operating principle 

symbol symbol 

By definition the symbols are intended to show the following: 

Functional symbol: Depicts a function that may be performed by a 
single fluidic element or by an interconnected circuit containing multipi 
elements. 
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Operating principle symbol: Depicts the fluid phenomena in the inter- 
action region which is employed to perform the function, as well as the 
function of the fluidic element. 

In the cases where no operating principle is indicated, it is implied that, 
at present, no single operating principle or interaction region is adequate 
to perform the function. In these cases a combination of operating prin- 
ciples or interaction regions is required to represent the function. 

To further emphasize this point, consider the case of a Schmitt Trigger 
as follows: 




Functional Interconnection of 

symbol operating principle symbols 



General Conventions 



Port Locations. The relative port locations for the symbols are patterned 
in the following manner: 



Supplies 



Controls 



Controls 



Outputs 



Supplies 
Controls ^^^^ Controls 



Outputs 



All symbols may be oriented in 90° increments from the position shown. 

Port Identification. Specific ports are identified by the following nomen- 
clature: 

Supply port — S 

Control port — C 

Output port — O 

The nomenclature shown on the graphic symbols need not be used on 
schematic diagrams. It is primarily intended to correlate the function of 
each port with the truth table. 

Active versus Passive. Supply ports can be either active or passive. An 
inverted triangle, V, denotes a supply source connected to the supply port 
(active device). 



_2_ 



Active 
devices 
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Control Flow. An arrowhead on the control line inside the symbol en- 
velope indicates continual flow is required to maintam state (no memory, 
no hysteresis): 




Indicates no memory 



Interconnecting Lines. 1 . Interconnecting fluid lines shall be shown with 
a dot at the point of interconnection: 



2. Crossed fluid lines are to be shown without dots: 











— i 





Start-up Condition. A small + on the output of a bistable device indicates 
initial or start-up flow condition. 




Analog Fluidic Devices 



Cl 



n — l r 

02 O 01 
(a) 



C2 
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Figure A.9 Proportional amplifiers, (a) Functional symbol, (b) Functions. Operating 
Principle symbols: (c) single input jet interaction; (rf) differential jet interaction; (e) separa- 
tion point control; (/) vortex; (g) transverse impact modulator; (h) direct impact modulator. 
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Figure A.ll Oscillator (sine wave), (a) Functional symbol, (b) Functions, (c) Operating 

principle symbol. 
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f 


b 


02 c 


01 



(a) 




Figure A.12 Rate Sensor. W Functiona, symbol. W Operating principle symbol (vortex). 
Bistable Digital Devices 



Truth Table 
CI C2 Ol 02 



1 


0 


1 


0 


0 


0 


1 


0 


0 


1 


0 


1 


0 


0 


0 


1 
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Truth Table 



CI 


Cz 


U 1 (/- 


1 


0 


1 0 


0 


1 


0 1 


0 


0 


Undefined 


1 


1 


Undefined 



CI 




C2 



02 01 
(a) 




Figure A.14 Digital amplifier, (a) Functional symbol, (b) Operating principle symbol 

(jet interaction). 



Truth Table 



c 


CI 


C2 


01 


02 


0 


1 


0 


1 


0 


0 


0 


0 


1 


0 


0 


0 


1 


0 


1 


0 


0 


0 


0 


1 


1 


0 


0 


1 


0 


0 


0 


0 


1 


0 


1 


0 


0 


0 


1 


0 


0 


0 


0 


1 



Figure A. IS 



S 




02 01 



Binary counter. Functional symbol. 




Figure A.16 Multivibrator, (a) Functional symbol, (b) Functions, (c) Operating pn 

symbol (wall attachment). 
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Monostable Digital Devices 




Jgure A.17 OR-NOR. (a) Functional symbol. Operating principle symbols: (b) wall 
achment; (c) wall attachment, internal fluid bias; W) jet interaction, geometrical bias- 
\ e > turbulence; (/) vortex; (g) focused jet. 



Applicable Standards 

Truth Table S 



CI C3 Ol 02 



0 


0 


0 


1 


1 


0 


0 


1 


0 


1 


0 


1 


1 


1 


1 


0 



02 01 



Figure A.18 AND-NAND. Functional symbol. 




CI 
0- 

01 

o- 

02 . 

0 



Time >■ 

(b) 



Figure A.19 One-shot, (a) Functional symbol; (b) Functions. 



Truth Table 

01 02 

CI > C2 1 0 
CI < C2 0 1 
CI = C2 Undefined 



CI 
(bias) 



C2 



02 Ol 

Figure A.20 Schmitt trigger. Functional symbol. 



Truth Table 



CI 


C2 


Ol 


02 


CI — 


0 


0 


0 


1 


C3 


1 


0 


1 


0 




0 


1 


1 


0 




1 


1 


0 


1 






02 01 



Figure A.21 Exclusive OR. Functional symbol. 
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Passive Digital Devices 

Truth Table 









[ CI 


C3 


Ol 


1 0 


0 


0 


Ei 


0 


1 


1 0 

1 1 


1 
1 


1 
1 



Cl- 



C3 



01 



(a) 




Figure A.22 OR. (a) Functional symbol, (b) Operating principle symbols (passive jet 

interaction). 



Truth Table 



CI 


C3 


01 


02 


1 


0 


1 


0 


0 


1 


1 


0 


1 


1 


0 


1 


0 


0 


0 


0 



Cl- 



C3 



02 01 
(a) 




Figure A.23 Exclusive OR-AND. (a) Functional symbol, (b) Operating principle symbols 

(passive jet interaction). 



Truth Table 



CI 


C2 


01 


02 


0 


B 


0 


1 


0 


0 


0 


1 


0 


1 


0 


1 


1 


0 


0 


1 


0 


0 


0 


0 


0 



CI 




02 0 01 
(a) 




Figure A.24 AND-2/3AND. (a) Functional symbol, (b) Operating principle symbols 

(passive jet interaction). 

Fluidic Impedances 



Figure A.25 General resistance - fixed. 



Figure A.26 General resistance - variable. 
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Figure A.27 



Linear resistance 
— fixed. 



Figure A.29 



Nonlinear resistance 
— fixed. 



7^ 



Figure A.28 



Linear resistance 
— variable. 



Figure A.30 



Nonlinear resistance 
— variable. 



Figure A.31 Capacitance -fixed. Figures A.32 Capacitance -variable. 



FigureA.33 Inductance -fixed. FigureA.34 Inductance- variable. 



14 



Figure A.35 Diode. 



Appendix B 



Illustrative Examples of V/Stol Control 
System Design 



B.l DESCRIPTION OF THE UH-1B YAW DAMPER SYSTEM 

To illustrate the procedures described in this book, we have chosen to 
design an analog fluidic system to implement the UH-1 B helicopter. The 
complete system is shown in Figure B. 1 in block diagram form. 

The fluidic portion of the system is redrawn in Figure B.2 with functional 
specifications noted. 

Now to proceed with the design according to the methods given in the 
book; we will refer to Chapter 10 and follow the sequence outlined there. 

B.2 REQUIRED INFORMATION 
Performance Specifications for the System 

1 . Input range = ± 25°/sec yaw rate (nominal). 

2. Output range = ± 0.38 in. deflection of servo. 

3. Frequency response — characteristics of a highpass network with a 
time constant of 3.0 sec and less than 180° phase shift at lOcps. 

4. Linearity + 20%. 

5. Threshold 0.10°/sec. 

Characteristics of Available Supply, Signal Sources, and Driven Load 

1. Supply — 10 psi air at standard conditions. 

2. Signal source — yaw rate of aircraft ±25°/sec with maximum of 
407sec. 
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Pedal 
I nput*, 



Boost 




Linkage 




Aircraft 


element 







Yaw 
rate 



r" 



"1 





Servo 




High pass 
network 




Amplifier 




Yaw rate 
sensor 


r 









Fluidic system | 

Figure B.l Block diagram of U H - 1 B yaw damper system. 

3. Driven load -mechanical linkage requiring ± 0.38 in. of deflection 
against a force matched by existing servo. 

Static Characteristics of Available Components 

1. Rate sensor -output characteristics shown in Figure B.3 (assumed 
balanced). 

2. Amplifier A: 

Normalized output characteristics shown in Figure B.4 (assumed 
balanced). 

Normalized input characteristics shown in Figure B.5 (assumed 
balanced). 

Power nozzle characteristics shown in Figure B.6. 
Amplifier B: 

Normalized output characteristics shown in Figure B.7 (assumed 
balanced). 

Normalized input characteristics shown in Figure B.8 (assumed 
balanced). 

Power nozzle characteristics shown in Figure B.9. 

3. Output servo actuator -input characteristics shown in Figure B.10 
(essentially infinite input resistance). 



0.10 psi 



w 25°/sec 



r = 3.0 sec 



Range 
t25°/sec 



Yaw rate 




Amplifier 




High pass 




Servo 


sensor 






network 





Bias 4 psi 
Range ± 2 psi 



Deflection 
±0.38 in. 



Linearity + 20% 
Threshold 0.10°/sec 



Figure B.2 Functional requirements of fluidic system. 
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Rate sensor C 
P s = 2.5 psi 
f„. = 0.05 sec 
Threshold = 0.05°/sec 




Po, PSi 

Figure B.3 Static output characteristics of rate sensor. 

4. Laminar-flow restrictors- characteristics shown in Figure B.ll 
typical of all values of linear restrictors available. 



0.015 



Internal Dimensional Characteristics of Available Components 

1. Rate sensor- time delay is given on the static characteristics, so 
vortex chamber dimensions are not necessary. Output tubes are 
0.060 in. inside diameter and 2 in. long. 



1.0 



0.8 





















Pcd/Ps 












A 































0-1 0.2 0.3 0.4 0.5 0.6 



Po/P s 

Figure B.4 Normalized output characteristics of amplifier A. 




0.4 




Supply pressure P s , psi 



Figure B.6 Power nozzle characteristics of amplifier A. 
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0.08 




Figure B.9 Power nozzle characteristics of amplifier B. 

2. Amplifier A: 

Dimensional sketch is shown in Figure B. 1 2. 

Ferrules connected to input and output passages 0.5 in. long, 0.19 
in. inside diameter. 
Amplifier B: 

Dimensional sketch is shown in Figure B. 1 3. 

Ferrules connected to input and output passages 0.44 in. long, 0.13 
in. inside diameter. 

3. Output servo actuator- input volume approximately 0.001 in. 3 . Fer- 
rules connected to input 0.44 in. long, 0. 13 in. inside diameter. 

4. Laminar restrictors — assume negligible delay time, volume, and 
length. 



0.0003 



0.0002 



0.0001 



0 





















Normal 
operating 
/ limits \ 








i 


/ Bias \ 
/ point \ 

> ,J 1 


I 



0 1 2 3 4 5 

Figure B.10 Input characteristics of servo actuator. 
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"° 2 4 6 8 10 

Pressure drop, psi 

Figure B.ll Characteristics of typical laminar-flow restrictor. 



B.3 STEP-BY-STEP DESIGN (according to Chapter 10) 

1. Choose Final Control Element. The servo actuator for the fluidic 
UH-1B yaw damper is fixed by existing system considerations. 




L 
o 



Us 



Figure B.12 Dimensional sketch of amplifier A (depth of channels 0.050). 
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Figure B.13 Dimensional sketch of amplifier B (depth of channels 0.025 ). 

2. Determine Its Input Characteristics. As given, the static input charac- 
teristics (Figure B. 10) appear as an infinite resistance (no flow). Reflected 
load dynamics are negligible. 

3. Choose a Suitable Sensor. The static characteristics of the available 
rate sensor (Figure B.3) show that it has the required sensitivity, linear- 
ity, range, and threshold. 

4. Determine Its Output Characteristics. The static characteristics are 
given in Figure B.3. The time delay is given as measured by the supplier 
(50 msec). The output capacitance and inductance can be calculated from 
the dimensions of the output tubing. 

5. Block Out the System between Sensor and Final Control Element. A 
preliminary schematic diagram of the fluidic system is shown in Figure 
B. 1 4. Referring to Figure B.3 we see that the rate sensor has a maximum 
(blocked load) differential output of O.lOpsi for an input of 25°/sec. The 
performance specifications call for a servo output deflection of 0.38 in. 
for an input yaw rate of 25°/sec, which corresponds with a differential 
pressure at the servo input of 2 psi. In other words, we get 0. 1 psi out ot 
the rate sensor and we need 2 psi out of the fluidic amplifiers; therefore, 
with ideal matching, the minimum amplifier pressure gain must be 20. 
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Supply 10 psi 



)( )( 




High pass 
network 



Figure B.14 Preliminary schematic diagram of fluidic yaw damper. 

6. Tentatively Choose Fluidic Devices. We have tentatively selected two 
fluidic amplifiers, either of which may satisfy the requirements for pressure 
gain and matching. These are designated Amplifier A and Amplifier B, 
and their characteristics are described earlier. They are illustrated in 
Figures B.4 through Figure B.9. 

Rate Sensor and First Stage Amplifier 

7. and8. Explore the Operating Bias Point Matching Problem. Examination 
of the rate sensor output characteristics (Figure B.3) for maximum pres- 
sure sensitivity reveals that we should operate near 0.10 psi. If we do so, 
the amplifier connected to it must have a bias pressure of 0.10 psi and 
require no flow. This is not realistic, so we will compromise for a bias 
point at 0.07 psi. Assuming a supply pressure of 1 0 times the input bias 
pressure (0.7 psi), we can calculate the input flow required by Amplifier 
A at an input bias pressure of 0.07 psi. That is, for 

P s = 0.7 psi 



2. s = 0.60scfm (see Figure B. 6) 
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and 

VQ S = 0.245 

when 

PJP S = 0.10 
Q J VQ S = 0.077 (see Figure B.5) 

then 

Q c = 0.077 X 0.245 
Q c = 0.0189 scfm 

Superimposing this point (P c = 0.07 psi, 2 f = 0.0189 scfm) on the rate 
sensor characteristics (see Figure B. 1 5) shows that the input flow required 
cannot be supplied by the rate sensor, and that the impedance match 
(relative slopes) is poor. 

Drawing a rough square-law curve between the origin and the point 
just calculated {P c = 0.07 psi, Q c = 0.018 scfm) shows that the amplifier 
input bias will probably match the rate sensor output bias (zero signal 
line) around 0.01 psi. Again assuming that the amplifier would have a 
supply pressure 1 0 times the input bias, 

P., = 0.1 psi 

then 

Q s = 0.01 scfm (see Figure B.6) 



Vq x = oa 




Po, PSi 

Figure B.15 Rate sensor output characteristics with first stage input bias characteristics 

superimposed. 
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when 

/VP, = 0.10 
QclVQ~ x = 0.077 (see Figure B.5) 

then 

Q c = 0.077X0.1 
Q c = 0.0077 scfm 

Plotting this point (P c = 0.01 psi, Q c = 0.0077 scfm) on the rate sensor 
characteristics (Figure B.15) shows that Amplifier A could be matched 
to the rate sensor using an amplifier supply pressure of 0.01 psi However 
with an amplifier supply pressure of 0.01 psi it would be impossible to 
get more than about 0.005 psi out of it. Therefore, we would be throwing 
away too much pressure sensitivity. 

9. Make the operating bias points coincide. To rectify this situation we 
will choose Amplifier B, which has smaller control nozzles and therefore 
higher input resistance (less input flow). Assuming a bias point of 0 07 
psi, the supply will be 

P s = 0.7 psi 

then 

Q s = 0.019 scfm (see Figure B. 9) 
Vg7= 0.138 

when 

P c /P s = 0.10 
QJVq s = 0.030 (see Figure B. 8) 

then 

Q c = 0.030X0.138 
Q c = 0.0042 scfm 

Plotting this point (P c = 0.07 psi, Q c = 0.0042 scfm) on the rate sensor 
output characteristics (Figure B.15) shows that the amplifier bias is too 
nigh. Drawing a rough square-law curve from the origin through this 
point will help to "zero-in" on the correct match. It appears at approxi- 
mately 0.05 psi, where the amplifier input locus of bias points crosses the 
zero signal output line of the rate sensor. At this point 

P s = 0.5 psi (10 times input bias) 
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then 



when 



Qs= 0.016 scfm (see Figure B. 9) 
Q s = 0.127 



/yp., = o.io 

qjVqI = 0.030 (see Figure B.8) 



then 



Q f = 0.030 X 1.127 
Q c = 0.0039 scfm 

Plotting this point (P e = 0.05 psi, G, = 0.0039 scfm) on the rate sensor 
output characteristics (Figure B. 15) shows that the operating bias points 
of the rate sensor and amplifier are now properly matched. 

8. Explore the matching of preferred operating ranges. Figure B. 16 is a 
replot of the rate sensor output characteristics with the input character- 
istics superimposed, including the differential input curve with preferred 
operating limits. Note that to stay within a reasonably linear range of 
operation of Amplifier B, the input swing must be limited to ±1% P s 
(±2%P, control differential P ca ). However, as illustrated in Figure B.16 
the rate sensor, operating between the ±25°/sec lines, would produce a 
much larger change in amplifier control pressure than ± 1% P s . Therefore, 
the circuit must be altered to prevent this. 

9. Make the operating ranges coincide. Effectively, what we require here 
is to apply some circuit element to reduce the output swing of the rate 



0.015 



0.010 



E 
Of 




0.005 



0 0.05 0.10 0.15 

Pp. Psi 

Figure B.16 Rate sensor output characteristics with first stage input differential charac- 
teristics superimposed. 
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sensor without affecting the operating bias point. The method for doing 
this is by means of a restrictor connected between the differential circuit 
lines (line-to-line). When there is zero input to the rate sensor, both out- 
put lines are biased at the same pressure (0.05 psi). Therefore, there is no 
flow through the restrictor connected between the output lines, and the 
circuit behaves as if it were not connected. When there is a signal out of 
the rate sensor, the output lines are unbalanced and there is flow through 
the restrictor. In this case it appears as a heavier load on the rate sensor, 
requiring more output flow for the same increase in output pressure.' 
Graphically (as shown in Figure B.16) the effect is to rotate the differen- 
tial load line around the operating bias point. 

Now if we want to prevent the pressure swing from exceeding 0.005 
psi (±1%P S ) when the rate sensor is driven between the extremes of 
±25°/sec, it is a simple geometrical exercise to find the line that will pass 
through the allowable extremes and the operating bias point. The value of 
the fluid resistance that must be connected across the differential circuit 
can be calculated from the change in slope from the original differential 
input line (amplifier input nozzle only) to the final line that fits within the 
required limits. 

In summary of the matching problem between the rate sensor and the 
first stage of amplification, we first explored the matching of operating 
bias points and found that Amplifier B could be properly matched by 
using a supply pressure of 0.5 psi. Second, we explored the matching of 
operating ranges and found that Amplifier B could be properly matched 
by adding a shunt restrictor between the rate sensor output lines. The 
value of the resistance required is approximately 0.4 times the value of 
the input nozzle resistance of Amplifier B (draws 2.5 times the flow of the 
nozzle for the same pressure). 

First and Second Stage Amplifiers 

7. Explore the operating bias point matching problem. Figure B. 1 7 shows 
the output characteristics of the first stage amplifier. Again, a bias point 
pressure is assumed, the second stage supply pressure is made 10 times 
higher, and a corresponding control bias flow is calculated. If the resulting 
point does not fall on or near the zero signal line for the first stage output, 
a more realistic bias point pressure is assumed and the process is repeated.' 
Thus we find a second stage amplifier supply pressure that will make it 
match with the first stage at the point where the second stage input bias 
is at 10% of the second stage supply pressure. This is illustrated in Figure 
B. 1 7 for a second stage supply pressure of 1 .75 psi. 
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8. Explore the matching of preferred operating ranges. If we limit the 
allowable input signal swing of the second stage to ±0.01 P s (±0.0175 
psi), the first stage will overdrive the second stage (see Figure B. 17). 
Therefore, it is necessary to reduce the first stage output swing by loading 
it with a restrictor connected across the differential circuit (line-to-line). 
Using a linear restrictor, the resulting load will be a line passing through 
the operating bias point and the intersections of the allowable extremes of 
first stage output and second stage input. The result is a differential load 
line, as shown in Figure B. 1 7. 

Note two important points. First, the extremes of output pressure are 
not equal with respect to the operating bias point, because the output 
characteristic curves are not evenly spaced. Second and most important, 
the situation illustrated is not a practical one because the lower end of the 
resulting load line passes through the unstable region of the output char- 
acteristics. Therefore, we must find a new operating bias point at a higher 
flow so that the amplifier will not have to operate in the unstable region. 

9. Make the operating points coincide and the operating ranges compatible- 
By inspection of Figure B. 17 it is clear that we must place the operating 
bias point at a higher flow level. This means that the slope of the locus of 
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bias points must be raised; in other words, the resistance connected 
at the output of the first stage must be decreased. The obvious way to do 
this is by connecting a shunt restrictor to return (atmosphere). With a 
linear restrictor, the effect is to add a flow directly proportional to the 
pressure to the locus of bias points. 

With reference to Figure B.18 we can estimate that if the output bias 
were about 0.14 psi, there would be room to get the differential load line 
in without running into the unstable operating region of the first stage 
amplifier. Then the second stage amplifier bias would be 

P c = 0.14 psi 

Then, if 

P s =WP e 
P,= 1.4 psi 

Qs = 0.027 cfm (see Figure B. 9) 
VQ S = 0.164 

when 

PJP. = 0.1 
QclVQ s = 0.03 (see Figure B.8) 
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then 

Q c = 0.03X0.164 
Q c = 0.0049 scfm 

Again, with reference to Figure B.18 we must add approximately 0.0021 
scfm to the flow out of the amplifier at 0.14 psi with the shunt restrictor 
to return. This places the operating bias point at P = 0.14 psi, and Q = 
0.007 scfm. Now the differential control line with limits can be super- 
imposed to show again that the first stage amplifier will overdrive the 
second stage amplifier. Then the differential control line must be rotated 
around the operating bias point by connecting a shunt restrictor line-to- 
line at the output of the first stage amplifier. The value of this restrictor 
is approximately 0.2 times the parallel resistance of control nozzle and 
shunt restrictor to return. 

At this point we should stop to check if two stages of amplification will 
be enough to provide the proper overall gain. The rate sensor sensitivity 
loaded with the first stage amplifier is (see Figure B. 1 6) 

p Mlm _ 0.010 psid 
o 25°/sec 



The pressure gain of the first stage is 

G »>-p nam o.oio z - 6 

If we assume that the second stage will have the same gain as the first 
stage, 

G P 2 — 2.8 



Then 



03 



G m X G pl x G 



p2 



P^ = 0.010psid x28x28 
oj 25°/sec 

0.078 psid 
w 25°/sec 

We need (see Figure B.2) 2 psid/257sec; therefore, at least one more 
stage of amplification will be necessary. 



Step-by-Step Design 191 



Second and Third Stage Amplifiers 

Since the procedure for the second and third stage amplifiers is the 
same as that given for the first and second, the exploratory work (Steps 7 
and 8) will be omitted here. 

9. Make the operating points coincide and the operating ranges compatible. 
With reference to Figure B.19 the matching problem, considered on a 
normalized basis, is almost identical with the situation encountered in the 
previous stage. Therefore, we can assume that a shunt restrictor to return 
will be required and that the bias will be at the same normalized point on 
the characteristics. 

The supply pressure to stage 2 is 1 .4 psi. Therefore, the actual output 
bias pressure will be 0.39 psi. Then for stage 3, 

P c = 0.39 psi 



if 



P s = \0P t . 
P s = 3.9psi 

Qs = 0.043 scfm (see Figure B.9) 
Q x = 0.206 
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when 

P c /P s = 0.10 
QJ^Qs = 0.03 (see Figure B.8) 

then 

Q c = 0.03 x 0.206 
Q c = 0.0062 

To raise the bias flow to the required level of 0.0124 scfm, a restrictor 
must be shunted from the output of the stage 2 amplifier to return. The 
value of the restrictor is equal to the resistance of the stage 3 input nozzle 
at that pressure. 

Again, to match the operating ranges it is necessary to connect a shunt 
restrictor line-to-line at the amplifier output. The value of the restrictor 
is equal to 0.2 times the resistance of the stage 3 input nozzle differential 
curve. The gain of the second stage is 



Third and Fourth Stage Amplifiers 

With reference to the circuit diagram shown in Figure B. 14 the third stage 
must feed two parallel amplifiers in the high pass network. Another fea- 
ture of this interface is that we prefer to have a restrictor in series with 
the fourth stage control nozzles. Since the network time constant is a 
function of the series resistance and an added volume capacitance, the 
larger we can make this resistance, the smaller will be the volume re- 
quired. 

7. Explore the operating bias point matching problem 

8. Explore the matching of operating ranges. Referring to Figure B.20 
the output characteristics of stage 3 are of the same form as stages 2 and 
1 . Also, we want to maintain the same ± 10% P c signal change around the 
operating bias point. Therefore, the final matching picture must be similar 
to Figure B.19, that is, the third stage output bias pressure should be 
about P 0 IP S = 0.28 (1 .08 psi). 

Suppose we want a series resistance of about 1.5 times the stage 4 
nozzle resistance at the bias point. This means that only 2/5 of the pres- 
sure out of stage 3 appears at the input nozzle of stage 4 (2/5 X 1.08 psi — 
0.43 psi). If we continue the practice of making the supply pressure 10 
times the control bias pressure, the supply pressure of stage 4 would then 



Po3, PSi 
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0.0425 



0.0340 



0.0255 



0.0170 



0.0085 



Figure B.20 Third stage amplifier with parallel fourth stage amplifiers. 

be 4.3 psi. However, to illustrate a different situation (and to get more 
pressure gain), we will arbitrarily make the supply pressure of stage 4 = 
6.0 psi. Then 

P s = 6.0 psi P c = 0.43 psi 
Qs = 0.05 scfm (see Figure B.9) 
Va = 0.223 



Now 



and 



then 



PJPa = 0.43/6.0 = 0.072 
QJVq s - 0.025 (see Figure B.8) 



Q c = 0.025 X 0.223 
Q c = 0.0056 scfm 

9 Make the operating bias points coincide and the operating ranges com- 

Ti ™k Tl " S , P ° int (Pci = °- 43 PSi ' Gm = 0 0056 scfm) is P lotted 0" Figure 
B.2. When 1.5 times the resistance represented by this point is added in 
senes, the overall pressure is increased 1.5 times for the same flow (as 
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illustrated) to 5/2 X 0.43 = 1 .08 psi. This represents the total resistance 
seen looking into one branch of the input to one stage 4 amplifier. 

As shown in Figure B.14 there are two branches to input nozzles of a 
single stage 4 connected to one output port of the stage 3 amplifier. There- 
fore, twice the flow calculated for one branch must be supplied by one 
output, and the point illustrated in Figure B.20 is actually at P o3 = 1.08 
psi and Q o3 = 0.0112 scfm. But this is not yet enough flow to satisfy the 
requirements for the operating bias point (f , 0 3 = 1-08 psi, Q o3 = 0.0198 
scfm) we have chosen. Therefore, a shunt restrictor must be connected 
between each stage 3 output port and the return of a value that will carry 
the difference in flow (0.0086 scfm) with a pressure drop of 1 .08 psi. 

To limit the input swing to stage 4 to ± 0.01 P s (0. 1 2 psi), the output from 
stage 3 must be limited to the same ratio of the bias point, 0.12/0.43 = 
0.28. Then, as shown in Figure B.20 the swing must be limited to 0.28 
X 1.08 = 0.30 psi. Again this requires a line-to-line shunt restrictor of 
a value which will draw an additional flow of 0.0199 scfm at a pressure 
differential of 0.30 psi. 

Fifth Stage Amplifier with Servo Load 

Before matching the fourth stage to the fifth stage, we must first define the 
input requirements of the fifth stage. These are determined by the output 
required to drive the servo actuator. The process of matching stage 5 to 
the servo actuator is illustrated in Figure B.2 1 . 

7. Explore the operating bias point matching problem. The servo requires 
an input bias of 4.0 psi and has an infinite input resistance. By inspection 
of this situation, as shown in Figure B.21, it is clear that some measures 
must be taken to load the amplifier so that it is not required to operate 
in the unstable region. 

8. Explore the matching of preferred operating ranges. It is required that 
the stage 5 amplifier swing from 5.0 psi to 3.0 psi (4.0+1.0 psi). Inspec- 
tion of Figure B.21 makes it clear that, with a high impedance load, the 
required output swing can be achieved with less than the maximum allow- 
able input swing. 

9. Make the operating bias points coincide and the operating ranges 
compatible. The first consideration is to get the operating bias point into 
a stable region of amplifier operation. This can be accomplished (as shown 
in Figure B.21) with a shunt restrictor to return, which raises the slope ot 
the effective load line. A stable point is where the zero signal line crosses 
the PJP S = 0.4 grid line; and since we need an output bias of 4.0 psi, a 
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Figure B.21 Matching the fifth stage amplifier with the servo actuator. 



convenient supply pressure is 1 0.0 psi. The shunt restrictors to return, 
connected at each output port, must draw 0.01 65 scfm at 4.0 psi. 

Drawing a linear load line through the operating bias point shows the 
range of output swing that can be achieved with a particular input swing. 
It is clear that the required output swing can be achieved with a control 
differential pressure of approximately 0.012 F s (0.12 psi). This is well 
within the linear range of Amplifier B. 

Fourth and Fifth Stage Amplifiers 

7. Explore the operating bias point matching problem. Figure B.22 shows 
the output characteristics of a fourth stage amplifier. To these we must 
match the input to stage 5, which, because it has a supply pressure of 10 
Psi, should be between 0.5 psi and 1 .0 psi (5 - 1 0%P S ). 

Three other features are important to note; first, two stage 4 amplifiers 
feed a single stage 5 amplifier; second, we need some series resistance to 
isolate one fourth stage amplifier from the other and to sum their outputs 
effectively; and finally, the operating bias point must be raised to a point 
where the extremes of operation will not be in an unstable region. 

8. Explore the matching of preferred operating ranges. The input of stage 
4 is driven ±0.12 psi (see Figure B.20) or to PJP, = 0.02. The input to 
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P o4 , psi 
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Figure B.22 Matching fourth stage amplifiers with fifth stage amplifier. 



stage 5 cannot be driven more than 0. 12 psi. Therefore, with the pressure 
scale shown in Figure B.22 it is clear that a line-to-line shunt restrictor 
will be required. 

9. Make the operating bias points coincide and the operating ranges com- 
patible. The fifth stage amplifier has the following input bias requirements: 

P s = 1 0 psi 

Q s = 0.061 scfm (see Figure B.9) 
VQ S = 0.246 

If we choose 

PJP S = 0.06 (0.6 psi) 
2c/V& = 0.022 (see Figure B. 8) 

then 

Q c = 0.022 x 0.246 
Q c = 0.0054 

This point (P c = 0.6 psi, Q c = 0.0054 scfm) is shown as point A on Figure 
B.22. Since two stage 4 amplifiers are supplying the stage 5 input require- 
ments, each stage 4 amplifier need only supply half the flow. Therefore, it 
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would see a point represented as point B in Figure B.22, which is equiva- 
lent to a resistance twice the nozzle resistance of amplifier B (2R c5 ). 
For isolation, we insert a series restrictor equal to twice the nozzle re- 
sistance (2R cS ), which doubles the pressure required to supply the neces- 
sary flow and makes the effective load line on stage 4 pass through point 
C. This is, of course, in the unstable region, so we must add a shunt 
restrictor to return, with a value of resistance of about iR c5 . This matches 
the operating bias points of stages 4 and 5 (point D). 

The operating range at the input of stage 5 must be limited to 0. 1 2 psi. 
Since twice this pressure is required at the output of stage 4 (because of 
the series resistance), there it must be limited to 0.24 psi. As shown in 
Figure B.22 the reflected differential control line would not be operated 
within these limits; therefore, a line-to-line shunt restrictor is required 
with a resistance of approximately iR cS . Then the operating range of stage 
4 will be properly matched with the operating range of stage 5. 

Complete Fluidic System 

The schematic diagram of the complete matched fluidic yaw damper 
system is shown in Figure B.23. 

10. Calculate the transfer curve of the system. In the process of matching 
operating ranges, we have automatically generated the proper overall 
transfer curve. That is, we have deliberately designed the system so that 
we get a differential pressure to the servo of 2 psid when the rate of turn 
is 25°/sec. 

The actual overall transfer curve calculated point-by-point from the 
curves in Figures B. 1 6 through B.22 is shown in Figure B.24. 

11. Investigate linearity and inefficient use of operating ranges. With 
reference to the transfer curve of Figure B.24 the requirements for linear- 
ity (+ 20%) have been surpassed. 

With respect to efficient use of operating ranges, a review of Figures 
B.16 through B.22 shows that in every case but one, the maximum allow- 
able operating range has been used. In stage 5 we have limited it to ± 
0.012 P, rather than ± 0.020 P s to avoid overdriving the servo actuator. 
However, this represents a source of additional linear gain, if it is needed 
in the final adjustment of performance of the yaw damper system. 

12. Select the appropriate equivalent electrical circuit for each component 
of the system. 

a. Rate Sensor: The equivalent circuit for the rate sensor is iden- 
tical to that shown in Figure 8.7 with external resistor added. 

b. Amplifiers: The equivalent circuit for the amplifier is identical 
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Figure B.24 Static transfer curve of fluidic yaw damper without high pass characteristic. 

to the circuit for the vented jet-interaction amplifier shown in Fig- 
ure 8.3. Externa] resistors and capacitors are added to the appro- 
priate stages. 

c. Actuator: The equivalent electrical circuit for the actuator is 
represented simply by a volume capacitance. The input resistance 
is infinite, and the inductance will be considered negligible. 
13 Prepare an equivalent electrical circuit of the entire coupled system. 
I he total equivalent circuit, including all matching restrictors and added 
volume capacitors, is shown in Figure B.25. Inductances have been neg- 
lected for simplicity; they are later shown to be negligible. 

14. Derive the transfer function of each portion of the equivalent circuit. 
l he transfer function of each portion of the circuit between equivalent 
generators can be developed independently. We will illustrate the process 
&y considering the network between the third stage and the two parallel 
tourth stages (see Figure B.26). 

The network can be consolidated as shown in Figure B.27 Then by 
simple circuit analysis, 



sC„ 



p 



Ra 



+4- 



sC o3 ' sC, 



Z„R g 
sC n!l 



ZpRg 



+ 



s C o3 sC„, 
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Figure B.26 Detail of network between stage 3 and stage 4. 
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Figure B.27 Consolidation of the network between stage 3 and stage 4. 
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which reduces to 



P.r Z p R g3 ( , , sC o3 R o3 Z v R u3 



1+- 



P R o3 R,, 3 + R o3 Z p + Z p R lj3 \ R o3 R g3 + R n3 Z v + Z V R„ 
but 



then 



^ crf3 R03R113 + RoaZ,> + Z v R u3 \ 03 R o3 R u3 + R o3 Z v + ZpRgs/ 
Referring again to Figure B.27, we have 

*c c4 



^C4 



^C4 

1.5fl, 4 + ^ £4 - 



SC c4 



which reduces to 



P cMa _ 1 



'f^ = j- 5 (l + 0.6sC c4 R c4 )-i 

where C c4 is the normal circuit volume capacitance. 

Similarly, we have the network leading from P x to P cdib , which is an- 
alyzed in the same fashion to give 

^ = ^(l+0.6 5 C. rJ R f4 )- 1 

where C x is the total volume capacitance in the circuit, some of which is 
added volume to generate the highpass filter network time constant (3.0 
sec). 

Each isolated portion of the circuit diagram in Figure B.25 is analyzed 
in the same way. The isolated transfer functions are shown in block dia- 
gram form in Figure B.28. The transfer functions corresponding to the 
individual blocks are listed in Figure B.29. 

15. Cascade the partial system transfer functions to generate the transfer 
function for the entire system. With reference to the block diagram in Fig- 
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Rate Sensor 

it) R c iR S u + Roo,Rci + RoioRsu, \ ™* c R el R m + R oa R m + R cl R m / 

Stage 1 

1 +^(C 0l + C I . 2 )- 



RnRoi + RoiRti + RnRsA ' c - R c2 R, tl + RoiR s i + Kc>R s , 
Stage 2 

Pc*> 2K,R c3 R, 2 e~^ f'. tr ^ r . 

l+s(C„ 2 + C c3 )- 



Pcte R c3 R 0 , + R o2 R s2 + R c3 R s2 \ 1 c "R c3 R„, + R 0 ,R.,, + R,, s R s: 
Stage 3 

P, 2K i Z p R e ^--» f RozZ„R„ 3 

1 + sC„. 
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and 
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and 



also 



and 
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Figure B.29 List of transfer functions for the complete fluidic yaw damper system. 

ure B.28, the overall transfer function for the fluidic yaw damper system 
can be developed as follows: 



Pod . 
to 



a Pedl Pcd'l Pcd3 



P, 



, La . Pcdb 

P cdia Pa 



P, 



^ b . Pete 
Pcdil Pb 



Pod 

P«as 



Because of the complexity of the result, we will not substitute the indivi- 
dual transfer functions into this expression here, but the process is a 
straightforward one. It will also be more convenient to evaluate the fre- 
StT reSP ° nSe ° f °" e SCparateIy < then cascade th e numerical 

16. Calculate the equivalent circuit parameters. The values of the ele- 
ments of the equivalent circuits and the parameters in the transfer func- 
tions are calculated according to the procedures described in Chapter 9 
We will choose a few examples for the yaw damper system to illustrate 
the approach in detail. Consider first the circuit associated with stages 2 
and 3, assuming a physical layout as shown in Figure B 30 

a Pressure amplification factor K 2 . The pressure amplification factor 
's denned as 



APr 



Qoc 



we^ll^r'f d ^ * e ,T eratin8 biaS POint With reference t0 F ^e B. 1 9 
change ^ *" W ' = ±0 - 01 l ™ aS the 

AP 0 = 0.56-0.20 psi 
AP 0 = 0.36 psi 
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Shunt to 
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Figure B.30 Physical layout of circuit associated with stage 2. 
The corresponding change in control differential is 

AP cd = 0.02 P s 

and the supply pressure for this stage is 1 .4 psi 

AP cd = 0.02 x 1.4 = 0.028 

AP 0 _ 0.36 



Then 



AP cd 0.028 
.-. K 2 = 12.8 

b. Output resistance R o2 ■ The output resistance is defined as 



Ro 



and is calculated at the operating bias point. With reference to Figure B. 19 
the output resistance is the inverse of the slope of the zero signal line 
at the operating point, or 

60 



_ 32x0.014 psi 
0.0005 

lb sec 



R ° 2 23 X 0.00054 scfm X 1728 



.-. R„o = 1.26 



in. 
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c. Output capacitance C o2 . The output capacitance is defined as 



calculated at the operating bias point. With reference to Figure B. 19 
the operating pressure of 0.39 psi gage or 15.09 psi absolute. 

The volume V charged to the amplifier output is the volume of the 
output aperture plus the volume of the connecting ferrule. With reference 
to Figure B.13 the volume of the output aperture is estimated from an 
integration of the plan area (by counting small dimensional blocks) 
times the depth of channel. In this case, the volume of the output aperture 
is 0.00057 in. 3 . Therefore, 



c _ 0.00057 + 0.0053 58.7 X 1Q-" 
15.09 15.09 

.-. C 02 = 3.89x 10-"in. 5 /lb 
d. Output inductance (stage 2). The output inductance is defined as 



Pi 



The effective area of the output aperture and the length of the output 
aperture can be calculated from dimensions in Figure B.13. Directly, 



But 



/ = 0.82 in. 



In 



Then 



^ in = 4.7 X 10- 



in. 



= 18.8 X 10- 4 in. 2 

_ 4.7 X1Q-*- 18.8X1Q- 4 
, 4.7 X10" 4 



18.8 X 10" 4 
^ef f = 1.01 x 10~ 3 in. 2 
/ 

X~ = 8.09x Win.- 1 

^eff 
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Similarly, for the output ferrule, 

/ = 0.44 in. 
A = 1.23 X 10" 2 in. 2 

4= 35.6 in." 1 
A 

Total HA = 809 + 35.6 = 845 in.- 1 
The mass density of air at 1 atm is 



p = 2.37x lO- 3 ^!^ 

or 

, lb sec 2 



p = 1.15X 10" 



At the output bias pressure of stage 2 ( 1 5.09 psi absolute), the density 

15.09 



P = 1.15X 10~ 7 x 
P = 1.18X 10~ 7 



14.7 
lb sec 2 



Then 



L„ 2 = ^ = ( 1 . 18 X 10" 7 ) (8.45 X 10 2 ) 
L 0 , = 9.93x io- 5 

in. 

e. Input resistance (to stage 3). Input resistance is defined as 

AP ' 



With reference to Figure B. 1 9 



(Pa + fc2)c 



_ 7X10- 2 60 



.-. K e , = 2.26 



1.08X 10- 3 1728 
lb sec 
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/. Input capacitance (to stage 3). Input capacitance is defined as 

C =-^- 
c P 

1 abs 

In the case of interconnected amplifiers, we have chosen to charge the 
line volume to the input of the amplifier. The amplifiers are connected 
together with 3 in. of i ID tubing with a cross connection included for 
attaching shunt restrictors. Therefore, the total volume is made up of tub- 
ing, cross connector, ferrule connector, and amplifier input aperture. The 
volumes can be calculated from dimensions. The total input volume to 
stage 3 is 

V= 0.0585 in. 3 

The pressure is the same as stage 2 output pressure; that is, 
P = 0.39 psi gage = 15.09 psi absolute 



Then 



C, 



0.0585 



c3 



15.09 

.-. C C3 = 0.00389 in. 5 /lb 



Note that 



atl ° rad/sec 2^=oi^= 25 - 7l i?( 1 - 6Hz -) 

at 1 00 rad/sec ^ = ^ = 2.57 ^ (16 Hz.) 



g. Input inductance L c . Input inductance is defined as 

/ - P l 

c A 

^eff 



from the output ferrule of stage 2 into the control apertures of stage 3 as 
input inductance. 

For the 3 in. of | ID tubing, 

4"= 244 in.- 1 
A 
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For the cross connection, 



For the control ferrule. 



For the control aperture. 



Total l/a = 529 in." 1 
Then 



J_ 
A 

J_ 
A 

I 
A 



= 118 in. 



= 35.6 in." 1 



131 in." 



L c3 = 1.18 x 10" 7 x5.29x 10 2 
lb sec 2 



.-. L c3 = 6.21x 10~ 



in. 



Note that 



at 10 rad/sec 2tt/L c3 = 6.21 X 10" 4 -^^ (1.6 Hz) 

in. 

at 1 00 rad/sec 2irfL ce = 6.21 X 10" :! ( 16 Hz) 

in. 5 

Comparing the inductive reactance of this circuit (which is typical of the 
yaw damper system) with the capacitive reactance under paragraph / 
shows that even up to a frequency of 100 rad/sec (16 Hz), the relative 
value of inductive reactance is small compared with the capacitive re- 
actance. Since this circuit is typical of the yaw damper system, we have 
justified neglecting the inclusion of inductance in the derivation of the 
transfer functions. 

h. Restrictors shunted to return. The value of the resistance shunted 
from the stage 2 output port to return can be calculated from Figure B. 1 8. 
Assuming that it is a linear restrictor, its value can be calculated from the 
increase in flow that it provides at a given pressure. In Figure B.19 we 
have shown the addition of a shunt restrictor to return, which, at a pres- 
sure of 0.39 psi, raises the flow from 0.0062 to 0.0124 scfm. Then the re- 
sistance is 

d 0.39 psi 60 

1,2 (0.0124-0.0062) 1728 

,.^ = 2.16^ 



i. Restrictors shunted line-to-line. The value of the resistance shunted 
across the output lines of the stage 2 amplifier can be calculated from 
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Figure B.19. Assuming a linear restrictor, its value can be calculated from 
the change in flow that it produces. In Figure B.19 the pressure swings 
0.078 psi around the operating point. Without the line-to-line shunt the 
flow swings 0.003 scfm. With the shunt, the flow swings 0.017 scfm 
Therefore, 

R 0.078 psi 60 

s2 (0.017-0.003) 1728 

.-. fl g2 = 0.194 

in. 5 



j. Time delay. The time delay is made up of the transport delay in the 
second stage amplifier interaction chambers, plus wave propagation de- 
lays in the second stage output aperture and output ferrule, the tubing, the 
cross connectors, and the third stage input aperture and input ferrule. 

In the stage 2 amplifier interaction chamber, the power jet exit velocity 

is 

_Q_ 0.026 1728 
e A 0.00025 60 

v e = 2990 in./sec 
The receiver impact velocity (0.75 psi recovery) is 




_ [(6.44 x 10"') (0.745) (1.44 x~Wj 
r V 8.47 X 10" 2 

v r = 3420 in./sec 

Averaging gives 

v s 3205 in./sec 

The length of the interaction chamber is 0. 1 in. (see Figure B. 1 3) Then, 

_ 0.10 
1 3205 

?! = 3.1 X 10~ 5 sec 

In the output aperture, 

Q 0 = 1.26 X 10^ 2 scfm 
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Taking an average cross-sectional area 8.9 X 10^ 4 , 

_ 1.26X10-2 1728 
v 8.9 x 10" 4 60 

v = 407 in. /sec 

The length of the output aperture is approximately 0.82 in. Then, 

0.82 
h 407+ 13200 

where 1 3200 in./sec is the propagation velocity of sound 

U = 6.03 X 10~ 5 sec 

In the output ferrule, 



_ 1.26 X 1Q- 2 1728 
v ~ 1.23 X 10- 2X ~60~ 

v = 29.5 in./sec 
The length of the ferrule is 0.44 in. Then, 

0.44 



h 29.5 + 13200 
t 3 = 3.32 x 10- 5 sec 

Similarly, we calculate the time delay in the tubing, 

U = 2.28 X 10~ 4 sec 

and in the cross connector, 

? 5 = 6.14x 10" 5 sec 

and in the control ferrule, 

4 = 3.32 X 10- 5 sec 

and in the control aperture, 

? 7 = 2.80x 10" 5 sec 
Adding up the individual time delays, t x through t 7 , we have 

t 23 = 4.75 x 10" 4 sec 
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k. Circuit parameters. A listing of all equivalent circuit parameters for 
the fluidic yaw damper is given in Table B. 1 . 

17. Substitute the Performance Parameters in the Transfer Functions. With 
reference to the overall system transfer curve shown in Figure B.24 we 
have shown that the steady-state gain requirements of the fluidic yaw 
damper have been met. Therefore, in calculating the dynamic behavior, 
we will consider only the frequency-sensitive portions of the transfer 
functions. 

Referring now to Figure B.29, 
a. 

RciRqojRsoj 



Pcdl 









1 +s(C oa + C cl ) 



1+5(0.0008 + 0.0033) 



0.348 X 0.435 x 0.057 



0.348 X 0.435 + 0.435 X 0.057 + 0.348 X 0.057 



b. 



°cd2 




-Pedl. 





1 



s(C 01 + C c2 ) 



0.00018.? 

Rc2Rp2Rsa 



R C 2Rol + RolRsn + R&Rs, 



Table B.l Tabulation of Equivalent Circuit 
Parameters" 



Row 




0.435 


^03 




2.22 


R cl 




0.348 


R r4 




4.00 






0.057 






0.343 


c 

v Oil 




0.0008 


Ra3 




4.49 






0.0033 


c 03 




0.00038 






0.668 






0.00526/0.0005 






0.652 


Ro4 




3.22 






0.142 


R a 




5.00 


Rgl 




2.11 


R,4 




0.393 


C 0 l 




0.0004 


R<14 




1.50 


c c2 




0.00394 


Co4 




0.00038 






1.29 


c c5 




0.0053/0.0005 


c M 




0.00038 






3.34 


Re 




2.26 


Rat 




8.43 


R* 




2.16 






0.00032 


R S 2 




0.194 


c, 




0.0020/0.0010 


c c3 




0.00389 


total t 




0.054/0.035 



"Note: units of.R. lb sec-/in 3 ; units ofC. in 5 lb. 
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where 



feds, 



C. 



where 



P cdS 




-Pcd2. 





l+s(C 02 + C cS ) 



= (1 + 0.0004?) " J 



R s 

Pccl-.i 
Pcd2_ 



Rc :i Ro2 + R 0 2R sb + Rc,R s 

R$2Rg2 



Rg2 + Ruz 

(1+0.0006.V)" 1 



e. 



Z 4 = R c4 [l-5+ (l+sC c4 R ci )-i] 

_ 10 + 0.126s 
4 1 + 0.021s 

Z 5 = i? c4 [1.5+ (1+sCA)- 1 ] 



Assuming that we want P cd jP x = 1/1 + 35 to provide the proper highpass 
network time constant, 

10 + 30s 



Z s = 



l + 5s 



Z P 

z„ 



z 4 z, 
z 4 +z, 

100 + 301s + 3.78s 2 
20 + 80.3s + 1.26s 2 



PcdS. 

Pr 



-< 



1+sC, 



R03R.113 + RoiZ v + R m Z p 
(1 + 0.00043S)- 1 (max) 

P 

1 cd4a 



p. 

*_cd4g 



(i +o.6sC c4 r c4 )~ 1 

(l + 0.0126s)- ] 
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m. 



O. 



Z a = 2R cS + 
Z„ = 



Rn 



1 + sC^i?^ 
13.2 + 0.012s 



Z b = 

z b = 



1 + 0.0012s 



Z„R c z 



sC c5 Z a R c5 + R c5 +Z„ 
3.52 



1+ 0.019s 



Z c — 2R c5 + Z b 
13.5 + 0.19s 



cd4a. 



z,= 



= l+.vC„ 



l+0.019s 

ZcRmRm 



cd4a. 



R oi R^ + Z c R oi + Z c R ll4 , 
= (l+0.00036s)->(max) 

P, 



= U + *C CS 



2R r *Z„ 



L'cd5. 



2R C5 + 3Z, 
= (l+0.014s)- ] (max) 



R^+Ro 



(l+0.0055s)- 



[ 



cd4b 



P. 

Pcdib 



= (l + 0.6sC x R c4 )-i 
= (1 + 3.0S)- 1 



\~J- iL - =(l+sC„ 4 

(1 + 0.00036s) -> (max) 



Z c R(i 4 R o4 

Ro4R,j4 + Z c R o4 + z, 



RgJ 



[ 



P_b 
PcdibA 
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r cm 

Pcdh 



1 + sC - i—SS^M 

Ca 2i? c5 + 3Z„ 



(1+0.0145)"' (max) 



With reference to Figure B.28 the overall frequency-sensitive portion of 
the transfer function is 



Pod _ P cdi , Pcd2 , Pcds , P.r 
CO CO P cdl P ccI2 P CC 13 



Pcdia . P a . Pcdi P cd\b , P 6 

^.r P cdia Pa Px Pcd4l 



r cda 



ori 



The frequency response of the individual transfer functions will be evalu- 
ated separately and the results analyzed; then they will be combined 
according to the formula above. 

18. Calculate the System Frequency Response. As described in Chapter 9, 
the frequency response is calculated by substituting jlirf for 5 in the 
transfer function. The phase shift due to time delay is evaluated as a sep- 
arate factor, and is then added to the total transfer function. 

Substituting ^Trf for 5 at/ = 10 Hz, 

(277-/= 62.8 rad/sec) 

(I + O.OOOI85)- 1 = (1+J0.00018X62.8)" 1 = (1 + /0.0113)" 1 

l/-0.5° 

(1+0.000%)-'= (1+J0.0004X62.8)" 1 = (1 +j0.025)-' 
1 /— 1 .5° 

(1+0.00065)-'= (l+j0.0006x62.8)"'= (1 +j0.0375)"' 

l /-2° 



(1+0.000435)-' = (1 +./0.00043 X 62.8)"' = (l+jO.027)"' 



Pea 



r cm. 

CO 
Pcd2 



r cdl 
Pcd-l 



cdx. 



cd3 



L' cdi. 
Pcd3 



1 cd2. 



Pc 



d3. 



P X . 
P cdAa 



P, 

Pa 
Pcdia. 

Pa 
PcdAa. 

P cds 
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= (1+0.01265)"' = (l+y0.0126x62.8)-' = (l+jO.79)"' 
= 0.78 /- 38° 

= (1+0.000365)"' = (1+J0.00036X62.8)-' = (1 +j0.0225)"' 
= 1 /- 1 .5° 



Pa 

Pcdb 



Pa 
P od 



= (1 + 0.014^)-' = (1+j0.014x62.8)-' = (l+jO.88)"' 
= 0.76/-41° 



Pcdb. 
Pod 



.Pcdo. 

Pedib 
P, 

Pcdib 

p, 
p<> 



= ( 1+0.0055^)-' = (1+J0.0055X62.8)-' = (1+/0.35): 
= 0.95/- 19° 



lPcd4b 
Pcdb 



■ (1+35)"' = (l+j3x62.8)-'= (l+jl90)-' 
0.0053 /- 90° 
1 7-1.5° 



L r b J 



= 0.76/-41° 



The phase shift due to time delay is 

6„ = 360 ft d = 360 X 10 X 0.054 
B„ = 194° 

19. Plot the Frequency Response of the System and Compare It with Speci- 
fied requirements. The values of the transfer functions at 10 cps are shown 
in their appropriate places in Figure B.31. The lower loop through the 
high pass network is highly attenuated, so it will be neglected in the eval- 
uation of the yaw damper at high frequencies. Adding up the total phase 
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shift in the system transfer functions through the upper loop, we have 

0„ = 105° 

Adding 

9 d = 194° 

gives a total 

9 = 299° 

for the complete system. Comparing this with the specified allowable 
phase shift (180°) shows that the requirements at 10 Hz have not been met. 

20. Investigate Individual Component Transfer Functions and Make 
Necessary Changes. Examination of the phase shifts shown in Figure B.3 1 
reveals that the major contributions come from: 

1. The input circuit of the high pass network (stage 4). 

2. The input circuit to the summing amplifier (stage 5). 

3. The output circuit of the amplifier driving the actuator (stage 5). 

Further review of the transfer functions related to stages 4 and 5 shows 
that the input capacitance to stage 4 (C c4 ) the input capacitance to stage 
5 (C c5 ), and the load circuit capacitance on stage 5 (C L ) can be reduced 
as follows. 

The input circuit to stage 4 contains series resistance; therefore, we can 
reduce the ID of the tubing to a very small value, thereby providing some 
of the required resistance while reducing the trapped volume of air a great 
degree. In re-examining the physical circuit layout, we find that it is also 
possible to reduce the length of tubing. Therefore, it is practical to reduce 
the value of C c4 by a factor of 1 0. 

The input circuit to stage 5 also contains series resistance and excessive 
lengths of tubing. By the same reasoning applied above, we find it practi- 
cal to reduce the value of C c5 by a factor of 1 0. 

In the load circuit of stage 5, the total capacitance (0.002 in. 5 /lb) is 
primarily due to tubing (the actuator is approximately 0.0005 in. 5 /lb). The 
actuator has infinite input resistance, so the tubing running to it can be 
very small without introducing a significant amount of loss. Therefore, 
it appears practical that the total load circuit capacitance can be reduced 
to less than 0.0008 in. 5 /lb. 

Using these new lengths and diameters of tubing also reduces the time 
delay, because of shorter distances of signal travel and higher flow vel- 
ocities. Recalculating the total time delay based on new networks of 
tubing results in a total delay of 0.035 sec. 
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18. Calculate the System Frequency Response. Recalculating the trans- 
fer functions affected by these changes, we have 



(1 + 0. 6sC' c4 Rci) _1 = (1 + 0.6iX 0.0005 X 4) - 1 
(1+0.001265)" 1 



& cd4a 



at 10 Hz 



P. 

*~ *cd4(t 

p* 

PcdS 



Pa. 
Pcdb 



(1+J0.00126X62.8)" 1 = (l+jO.079)" 1 
1 /-4.5" 
1+sCU 



at 10 Hz 



P cdb 



Pa 

PcrtS 



L Pa 



P cdi. 
Pod 



at 10 Hz 



Pcdi 
Pod 



L' cri5 



2R C5 + 3Z„ 
d + 0.0014^)" 1 



(1 + y0.0014 X 62.8)" 1 ( 1 + jO.088)- 1 

1 /-5" 



\ + s(C 0 , + C' c )-^ff~ 



= (1 + 0. 0026s)" 1 

= (1+J0.0026X62.8) = (l+jO.16)" 1 
= Q.98 /-9 0 



The phase shift due to time delay at 1 0 Hz is now 

0 r] = 360 ft' d = 360 x 10 x 0.035 
6 d = 126° 
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Referring to Figure B.32, which contains the final values for the transfer 
functions of the individual blocks at 1 0 Hz, we see now that the total 
phase shift is 152°, well within the specified maximum of 180°. 

Since we have shown that there is a little phase shift in the individual 
circuits (except P cd JP x ) of the fluidic yaw damper at frequencies below 
10 Hz, the only circuit we are concerned with at other frequencies is the 
parallel loop in the high pass network and the difference 



Pod 




Pcdia 




Pcdib 


CO 




Pr 




Pr 



The calculated values are tabulated below. 



fa. 



P cd±a 




Pcdib 




Pod 




f Pod 


L p, J 




- P* J 




M . 







db 



0-001 

0.01 

0.1 

1.0 

10 



i zol 

1 [0_ 

1 /o 

1/0 
1 7-4.5 



1 /-I 



0.98 /-ll 
0.47 7-62 
0.053 7-87 
0.0053 7-90 



0.017 t 
0.195 7- 



90 



78 



-34db 7+90 
- 14c* 7+78 
0.85 7+28 -1 Adb. /+ 28 
0.997 7_+3 Odb Z+l 
1 7^4 Odb [=4 



To include the effect of time delay, the following phase shifts must be 
added: 



/hz 


o d 


10.0 


126.0 


1.0 


12.6 


0.1 


1.26 


0.01 


0.13 


0.001 


0.013 



19. Plot the Frequency Response of the System and Compare It with Speci- 
fied Requirements. The results are plotted as a Bode diagram in Figure 
B.33 and compared with the specified frequency response. The fluidic 
yaw damper has been designed to meet the necessary performance re- 
quirements with a reasonable margin of safety. 

21. Finalize Preliminary Design 

22. List Factors Important to the Performance of the System. The volume 
required to generate the high pass network time constant of 3.0 seconds 
can be calculated from the expression P cM jP x (see transfer function 
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Figure B.33 Frequency response of fluidic yaw damper. 



listed in Figure B.29). In that equation the effective time constant is 
Q.6C X R C4 . Then, 

0.6Cy? c4 = 3.0sec 



3.0 
0.6R r 



Substituting the value of R ci = 4.0. 



3.0 



Then, since 



Cx 0.6 X 4.0 
C x = 1 .25 in.Vlb 



V 

c = - 

* abs 



and F abs in the circuit is 15.13 psia (0.43 psi gage), 

V x = C x P abs = 1.25X15.13 
V x = 19.2 in. 3 

That is, to obtain the proper high pass network time constant, we must 
add volume of 19.2 in. 3 to each fourth stage input network in the position 
(C. r ) shown in Figure B.26. 

For most linear operation at all frequencies of interest, it is important 
to design the two parallel paths in the high pass network with identical 
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characteristics. Otherwise, there would be more or less phase shift in 
one path than the other, and the summed output from stage 5 would be 
seriously distorted. 

23. Design Summary. In summary, we have designed a fluidic yaw 
damper to meet certain performance requirements using available fluidic 
components. A schematic of the system is shown in Figure B.23 and the 
static transfer characteristics are illustrated in Figure B.24. The equiva- 
lent electrical circuit is shown in Figure B.25 a transfer function block 
diagram is shown in Figure B.28 and a listing of the corresponding transfer 
functions is shown in Figure B.29. The parameters of the transfer 
functions are listed in Table B. 1 and the final frequency response shown 
in Figure B.33 is compared with the specified requirements. 
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jet interaction, 44-48 
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definition of, 157 
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pneumatic, 8 
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Cascading impact modulators, 19 
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normalization of, 75 
Characteristics, definition of, input, 69 

output, 69 
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input, 34-36 

output, 35-37 

proportional amplifiers, 23 
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transfer, 17 
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Circuit synthesis, 17 
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model, 3 
Component layout, 33 
Component requirements, 31 
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Compressibility, 20 
Converging jet sensor, 56 
Coupled equations, 3 
Coupled multiport elements, 18 
Coupled networks, 13 
Current analog, 22 
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summary, 224 

techniques, graphical, 19 
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Diagram, block, 33 
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Displays, definition of, 162 
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Dynamic performance, limits on, 21 
Dynamic response, prediction of, 19 
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Effective volume, 78 

Elbow amplifier, equivalent circuit, 138, 139 

Electon tube technology, 4 

Electrical equivalent circuits, 22 

Electric analogies, 21 

Elements, definition of, 157 

Empirical parameters, 12 
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explosive, 33 

high temperature, 32 

moist and oily, 33 
Equivalent capacitance, definition of, 82 
Equivalent circuit, acoustical, 7 

analog amplifier, 76 

closed jet interaction amplifier, 22, 137, 138 

coupled system, 199, 200 

development of, 133-136 

digital amplifier, 77 
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hydraulic, 10 

hydraulic-mechanical, 10, 11 
piston-type actuator, 141 
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pneumatic, 15 

proportional amplifier, 22, 37, 38 

transistor, 12 

vacuum triode, 6, 7 

vented elbow amplifier, 138, 139 

vented jet interaction amplifier, 136, 137 

vented wall attachment amplifier, 139, 140 

vortex rate sensor, 140, 141 
Equivalent circuit analysis, 18 
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pneumatics, 8 

vacuum triode, 4, 6 
Equivalent circuit design, logic circuits, 19 
Equivalent circuit methods, 21 
Equivalent circuit parameters, calculation of, 
205,213 

transistor, 12 
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Equivalent electrical circuits, 21, 23, 25 
Equivalent inductance, definition of, 82 
Experimental techniques, 26 
Ezekiel, F. D., 15 

Failure characteristics, 43 
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Flip-flop, definition of, 162 

wall attachment, 35 
Flow gain, definition of, 81 
Flow transducers, 101, 102 
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; Second, 18 

Third, 22 
Fluid Amplifiers (book), 23 
Fluid circuit theory, 23 
Fluid-electric analogy, 22 
Fluid flow equations, 20 
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definition of, 157 
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